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20.  Ionospheric  scintillation  analyses  have  been  conducted  on 
several  fronts,  and  are  discussed  here  in  the  light  of: 

(1)  recent  observations ,  current  theories,  and  coordinated 
studies  of  equatorial  scintillations;  (2)  morphology  and 
analytical  formulas  at  high  latitudes;  (3)  measurements 
associated  with  ionospheric  heating.  F-region  irregulari¬ 
ties  are  viewed  from  the  concepts  of  localized  origin  of 
patches,  in-situ  spectral  measurements,  and  coexistence  of 
km-  and  m-scale  irregularities .  The  dynamics  of  equatorial 
patch  formation,  motion,  and  decay  are  also  discussed. 
Generation  of  irregularities  during  underdense  heating  was 
observed  for  the  first  time.  Total  electron  content  data 
have  been  utilized  to  derive  the  statistics  of  the  vari¬ 
ability  of  ionospheric  time  delay  in  the  Mediterranean 
region  for  the  current  solar  maximum  period.  The  implica¬ 
tions  of  the  results  on  modern  satellite  ranging  systems 
are  discussed . 
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SUMMARY 


Ionospheric  scintillation  and  total  electron  content  variability 
analyses  have  been  conducted  on  several  fronts. 

Coordinated  phase  and  amplitude  scintillation  and  multi technique 
Irregularity  measurements  have  been  performed  In  the  equatorial  region. 
The  multi  technique  measurements  Include  radar  backscatter,  rocket  and 
satellite  in-sltu,  alrglow,  and  lonosonde.  These  studies  have  pro¬ 
vided  much  Insight  Into  the  transionospherlc  radio  wave  propagation 
problems  associated  with  Irregularities  In  the  nighttime  equatorial  F 
region.  The  relationship  between  plasma  depletions,  3-m  irregularity 
structures,  and  bursts  of  scintillation  activity  (patches)  leads  to 
the  association  of  different  phenomena  sensitive  to  different  scale- 
lengths  of  the  Irregularities.  The  Information  on  the  varying  be¬ 
havior  of  these  scale-sizes  are  discussed  In  the  context  of  current 
theories  of  plasma  Instability.  The  coordinated  measurements  have 
been  Integrated  to  study  the  time  development,  motion,  and  decay  of 
the  Irregularity  structures. 

A  large  data  base  of  137  MHz  observations  at  three  sites  along 
the  70®W  meridian  has  made  it  possible  to  develop  a  morphology  of 
scintillations  as  a  function  of  time  of  day,  season,  and  magnetic 
activity.  These  were  then  formulated  into  empirical  analytical 
models  for  each  station,  subject  to  varying  Irregularity  configura¬ 
tions. 

Scintillation  measurements  conducted  during  ionospheric  heating 
by  high  power  high  frequency  radio  waves  are  used  to  explore  artifi¬ 
cial  irregularities  generated  In  the  overdense  and  underdense  cases 
of  heating.  A  portion  of  these  results  are  applicable  to  the  proposed 
Solar  Power  Satellite  (SFS) . 

Faraday  rotation  measurements  of  VHP  radio  waves  from  the  SIRIO 
satellite  have  been  used  to  determine  the  statistics  of  variability  of 
Ionospheric  time  delay  In  the  Mediterranean  region  for  the  current 
solar  maximum  period  (solar  maxlmuai  1978-79).  The  implications  of 
these  results  on  modern  satellite  ranging  systems  are  discussed. 
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An  inicnMvi'  %iud>  of  nighttime  irregularities  of  electron  density  in  the  equatorial  ionosphere  was 
perliirnied  in  Octoher  1476  by  making  SO-MH/  radar  backscatter  measurements  al  Jicamarca,  Peru,  and 
sciniillalion  measuremenis  of  244-MH/  transmissions  from  Les  9  al  two  ground  stations  (Ancon  and 
Huancayo.  both  in  Peru)  as  well  as  by  aircraft  flying  in  the  vicinity  of  the  stations  The  IJ7-MHit 
sciniillalions  from  the  orbiting  Wideband  satellite  were  also  recorded  at  Huancayo.  The  results  of  such 
measurements  made  on  October  16-17.  1976.  arc  discussed  in  this  report.  We  find  that  on  this  particular 
night  a  large-scale  irregularity  patch  evolved  first  in  the  west,  as  was  detected  by  the  radar  al  Jicamarca. 
and  drifted  eastward  to  cause  successive  onsets  of  scintillation  activity  on  propagation  paths  from  Ancon 
and  Huancavo  The  observations  indicate  the  east-west  dimension  of  the  large-scale  structure  to  be  400 
km  drifting  eastward  al  a  speed  of  approaimately  100  mA.  having  a  lifetime  of  several  hours,  and 
containing  a  hierarchy  of  irregularity  scale  siees  in  the  range  of  kilometers  to  meters  causing  both 
scintillations  al  249  MH/  and  radar  backscatter  at  SO  MHa 


Introduction 

1  hforclicitl  studies,  computer  modeling,  and  enpenmental 
observations  through  radar  backscatter  and  rocket  and  satel¬ 
lite  in  situ  measurements  have  provided  a  greater  insight  into 
the  formation  of  those  equatorial  irregularities  which  lead  to 
deep  scinlill.ition  of  UHK  and  microwave  transmissions 
through  the  ionosphere  (see  review  by  Basu  and  Kelley  (1977] 
and  references  therein).  The  picture  that  emerges  from  these 
studies  points  to  large-scale  irregularity  structures,  lilted  usu¬ 
ally  to  the  west,  having  an  east-west  dimension  of  up  to  several 
hundred  kilometers  extending  to  altitudes  as  high  as  lOUOkm, 
and  containing  a  hierarchy  of  irregularity  scale  sizes  in  the 
range  of  scveial  tens  of  kilometers  to  a  few  meters.  Such 
irregularities  of  loni/ation  are  thought  to  result  from  the  gen¬ 
eration  of  large-scale  plasma  depletions  in  the  bottumside 
ionosphere  which  rise  rapidly  upward  against  gravity,  like 
‘bubbles'  or  'plumes.'  into  the  topside  ionosphere. 

Scintillation  activity  m  a  transionosphenc  VHF/UHF  com¬ 
munication  l.nk  results  when  the  electron  density  deviation 
-liV  of  irregularities  with  a  scale  size  of  about  I  km  is  suf¬ 
ficiently  large  It  is  well  known  that  ai  night  in  the  equatorial  F 
region,  strong  irregularities  of  electron  density  with  difTerenl 
scale  sizes  exist,  and  these  irregularities  are  most  commonly 
observed  to  have  a  monotonic  power  law  spectrum  [McClure 
and  Uanxnn.  1973;  l)y.xun  el  al .  1974).  By  considering  the 
above  irregularity  power  spectrum,  Basu  and  Basu  [  1976)  dem¬ 
onstrated  that  the  in  situ  measurements  are  compatible 
with  the  simultaneous  ground-based  scintillation  observations 
at  6  GHz.  In  view  of  the  above  studies,  one  can  assume  the 
coexistence  of  irregularities  in  the  scale  size  range  of  several 
tens  of  kilometers  to  several  meters,  although  the  in  situ  obser¬ 
vations  referenced  above  indicate  that  in  certain  (exceptional) 
cases,  irregularities  may  have  most  of  their  spectral  power 
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either  above  or  below  a  scale  size  of  the  order  of  I  km.  In 
general  then,  microwave  fadings  are  likely  to  be  associated 
with  the  plume  structure  seen  on  50-MHz  backscatter  as  was 
predicted  by  Woodman  ami  La  Hot  (1976).  Under  those  back¬ 
scatter  conditions  when  the  plumes  do  not  extend  far  into  the 
topside  ionosphere  but  still  the  product  of  thickness  and  AA'  is 
large,  microwave  fadings  may  also  result.  Most  of  the  theoreti¬ 
cal  studies  deal  with  the  generation  and  motion  of  the  small- 
scale  structures  within  a  large-scale  bubble  or  patch  ( Woodman 
and  La  Hoz.  1976:  McClure  el  al..  1977).  In  this  report  it  will 
be  shown  that  the  generation  of  a  large-scale  bubble  can  be 
very  localized  and  that  a  bubble  can  maintain  its  integrity  for 
several  hours  during  its  eastward  motion. 

Observations 

(Jroiind  Measuremenis 

A  series  of  50-MHz  radar  backscatter  observations  from  the 
Jicamarca  Observatory  of  the  Instituto  Geoflsico  del  Peru  was 
made  over  a  period  of  2  weeks  in  conjunction  with  a  large- 
scale  ground  and  airborne  campaign  to  study  scintillations.  On 
the  ground,  observations  were  made  of  the  synchronous  satel¬ 
lite  Les  9  beacon,  transmitting  at  249  MHz.  from  two  diflTerent 
sites.  Ancon  and  Huancayo,  both  in  Peru,  and  also  of  the 
orbiting  Wideband  satellite  transmissions  at  137  MHz  from 
Huancayo.  Figure  I  shows  the  geometry  and  geography  of  the 
observations.  The  4(X)-km  subionospheric  intersections  of  the 
propagation  paths  from  Ancon  and  Huancayo  to  Les  9  and 
the  subionospheric  tracks  of  the  Wideband  satellite  transit  are 
shown  The  Jicamarca  vertical  intersection  is  farthest  west, 
while  the  two  oblique  paths  to  Les  9  are  to  the  east  of  Jica¬ 
marca.  If  the  time  of  sunset  determines  the  timing  of  appear¬ 
ance  of  irregularities,  then  the  Huancayo  path  should  observe 
scintillations  first,  followed  by  Ancon,  and  finally.  Jicamarca 
would  record  backscatter  from  irregularities. 

Figure  2  shows  the  results  of  simultaneous  radar  and  scintil¬ 
lation  measurements  made  on  October  16-17,  1976.  The  top 
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Fig.  I .  Geometry  of  radar  backscatler  and  scintillation  measure¬ 
ments  on  October  15-17,  1975.  The  ground  locations  of  Jicamarca 
(Jl).  Ancon  (AN),  and  Huancayo  (HU)  are  indicated.  The  suh- 
ionospheric  locations  (4(X)  km)  of  Les  9  observations  from  Ancon  and 
Huancayo  between  OKX)  and  05(X)  UT  are  shown.  The  subionospheric 
tracks  of  the  Wideban,d  satellite  between  0.H9  and  0332  UT  corre¬ 
sponding  to  300,  400,  and  500  km  are  also  shown.  The  western 
coastline  of  South  America  is  indicated  for  reference  purposes. 

panel  shows  the  range-time-intensity  plot  of  50-MHz  back- 
scatter  obtained  at  Jicamarca.  Since  the  original  digital  power 
maps  (ffwx/won  and  La  Ho:,  1 9761  are  difficult  to  reproduce, 
we  have  redrawn  these  and  displayed  the  echo  intensity  at  only 
three  logarithmic  power  levels  relative  to  the  approximate 
maximum  incoherent  scatter  level.  The  next  two  panels  illus¬ 
trate  the  time  variation  of  scintillation  index  SI  (in  decibels) 
recorded  at  Ancon  and  Huancayo  on  propagation  paths  to  l.es 
9.  Comparing  the  three  panels,  we  find  that  the  initial  apftear- 
ance  of  backscatter  in  the  Jicamarca  radar  is  followed  by  the 
onset  of  scintillations  at  Ancon  and  finally  at  Huancayo: 
clearly,  a  localized  irregularity  patch  was  generated  over  Jica¬ 
marca  or  to  the  west  of  it  and  has  moved  eastward.  This  is  of 
course  based  on  the  usually  justifiable  assumption  that  the 
kilometer-size  irregularities  causing  scintillations  coexist  with 
3-m  irregularities  giving  rise  to  SO-MHz  backscatter.  Using 
the  geometry  of  Figure  I  and  the  timing  of  the  onset  of  irreg¬ 
ularities,  we  measure  an  average  eastward  drift  speed  of  the 
irregularity  structure  as  l(X)  m/s.  The  cross-correlation  analy¬ 
sis  of  scintillation  data  acquired  at  Ancon  by  use  of  antennas 
separated  by  366  m  in  the  east-west  direction  on  October 
16-17,  1976,  also  provides  an  average  eastward  drift  speed 
of  1 16  m/s.  This  is  in  agreement  with  the  previously  reported 
values  of  Woodman  (19721.  When  the  duration  of  the  scintil¬ 
lation  event  is  combined  with  the  observed  drift  speed,  the 
patch  dimension  in  the  east-west  direction  is  found  to  be 
about  4(X)  km.  The  correspondence  between  the  radar  map  of 
Jicamarca  and  the  scintillation  measurements  at  Huancayo 
with  a  delay  of  90  min  indicates  that  the  irregularity  structure 
retained  its  integrity  between  the  two  stations  fur  at  least  It 
hours.  The  total  of  3  hours  between  (he  first  itppearance  of  a 


plume  at  Jicamarca  and  the  end  of  scintillation  at  Huancayo 
indicates  that  the  total  lifetime  of  the  irregularity  patch  may  he 
at  least  3  hours. 

On  October  16-17,  1976,  scintillations  of  the  137-MH/ 
transmissions  from  the  orbiting  Wideband  satellite  were  re¬ 
corded  at  Huancayo  between  0320  and  0332  UT.  In  Figure  1 
the  subionospheric  tracks  of  the  satellite  transit  corresponding 
to  three  ionospheric  heights,  300,  400,  and  6(X)  km,  are  shown 
The  portion  of  the  track  marked  by  the  solid  line  indicates  the 
presence  of  scintillation,  while  the  dotted  line  indicates  the 
absence  of  any  scintillation.  Considering  the400-km  track,  we 
find  that  scintillations  were  extant  between  66°W  and  72°W.  If 
we  assume  that  the  irregularity  structure  front  (eastern  edge) 
causing  the  onset  of  Les  9  scintillations  at  Huancayo  had 
reached  the  66“ W  location  at  0320  UT.  a  drift  speed  of  160 
m/s  for  the  irregularity  patch  is  obtained  This  speed  is  consid¬ 
erably  higher  than  that  derived  previou.sl>  for  the  patch  during 
its  passage  from  Ancon  and  Huancayo.  From  Figure  I  we  find 
that  in  view  of  the  low  elevation  angle  of  the  transit  the 
subionospheric  trucks  for  the  three  altitudes  are  considerably 
displaced  This  puses  problems  in  locating  the  irregularity 
structure  and  deriving  the  drift  speed.  For  example,  if  we 
consider  (he  .300-km  track,  a  drift  speed  of  1 10  m/s.  more  in 
accord  with  the  previously  derived  drift  speed,  may  be  ob¬ 
tained.  The  latitudinal  extent  of  the  track  exhibiting  scintilla¬ 
tions  is  found  to  be  about  20°  Owing  to  the  low  elevation 
angle  of  the  satellite,  there  exists  the  possibility  that  the  satel¬ 
lite  will  encounter  discrete  irregularity  patches,  and  hence  it  is 
difficult  to  arrive  at  a  definite  conclusion  regarding  the  latitudi¬ 
nal  extent  of  a  single  patch. 

Airhorne  Measuremenii 

Two  aircraft  were  used  to  observe  scintillations  from  Les  9. 
one  from  the  Air  Force  Avionics  Laboratory  (AFAL)  and  the 
other  from  the  Air  Force  Geophysics  Laboratory  (AFGL). 
The  subionospheric  flight  paths  of  the  AFAL  and  AFGL 
aircraft  arc  shown  in  Figure  .3«.  The  heavy-lined  portions  of 
(he  (rack  signify  the  presence  of  scintillations  in  excess  of  12 
dB,  (he  moderately  heavy  lines  indicate  6-  to  8-dB  scintilla¬ 
tions.  and  (he  thin  lines  represent  the  absence  of  any  scintilla¬ 
tions.  In  Figure  .36  we  show  the  time  variation  of  scintillation 
as  recorded  by  (he  AFGL  aircraft.  The  aircraft  flew  on  parallel 
paths  such  that  the  initial  portion  of  either  subionospheric 
track  was  inclined  at  about  10°  to  the  east  of  the  magnetic 
meridian,  while  the  later  r>ortion  of  the  (rack  was  approxi¬ 
mately  in  the  magnetic  east-west  direction.  From  Figure  35  as 
well  as  the  flight  path  map  it  may  be  noted  that  the  AFGl 
aircraft  encountered  (wo  scintillation  events,  the  initial  event 
being  in  excess  of  12  dB  and  the  later  event  having  a  level  of 
about  S  dB.  The  subionospheric  flight  map  of  the  AFAL 
aircraft  shows  that  it  also  encountered  one  strong  and  one 
weak  irregularity  patch.  The  propagation  path  from  the 
AFAL  aircraft  to  Les  9  seems  to  have  entered  the  eastern  edge 
of  a  strong  irregularity  patch  at  0210  UT  and  to  have  emerged 
from  it  at  0306  UT.  Strong  scintillations  as  high  as  2S  dB  were 
recorded  by  the  AFAL  aircraft  during  some  periods  between 
0212  ami  0.303  UT.  The  AFGL  aircraft,  flying  to  the  east  of  the 
AFAL  aircraft,  recorded  strong  scintillations  between  0248 
and  0329  UT.  If  we  consider  that  the  eastern  edge  of  the  strong 
irregularity  patch  initially  detected  by  the  AFAL  aircraft  at 
0212  UT  drifted  eastward  to  the  subionospheric  location  of  the 
AF(<L  aircraft  propagation  path  at  0248  UT.  then  an  east¬ 
ward  drift  speed  of  100  m/s  is  obtained.  Further,  if  we  assume 
(hat  (he  irregularity  patch  extended  southward  all  the  way  to 
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Fig  2.  Temporal  variation  orthe  SO-M  Hz  radar  backscattcr  observed  at  Jicamarca  and  scintillation  index  SI  (in  decibels ) 
uf  the  249-MHz  transmissions  from  the  Les  9  satellite  recorded  at  Ancon  and  Huancayo  on  October  16-17,  1976. 


the  magnetic  equator,  then  the  ends  of  the  first  scintillation 
event  recorded  by  both  aircraft  are  to  be  related  to  the  passage 
of  the  western  edge  of  the  patch.  Considering  the  duration  of 
the  scintillation  event  with  the  derived  drift  speed  an  east-west 
patch  dimension  ranging  from  230  to  300  km  is  obtained.  This 
is  consistent  with  the  typical  data  from  the  AE-C  satellite 
presented  by  McClure  el  at.  [1977].  The  irregularity  patch 
detected  by  the  AFGL  aircraft  was  located  approximately  10° 
north  and  4°  west  of  Jicamarca,  the  position  of  which  is 
indicated  in  the  diagram.  Irregularities  of  kilometer  scale  size 
are  expected  to  be  held  aligned,  and  these  field  lines  pass  over 
the  equator  at  altitudes  of  approximately  600  km.  Considering 
the  drift  speed  of  100  m/s  thew  field  lines  should  have  drifted 


eastward  to  the  Jicamarca  meridian  at  about  04(X)  UT.  The 
radar  map  obtained  at  Jicamarca  does  not,  however,  exhibit 
the  presence  of  any  3-m  irregularities  at  this  time.  It  is  not  clear 
whether  the  absence  of  3-m  irregularities  is  related  to  the  decay 
of  the  patch  during  its  passage  to  the  Jicamarca  meridian  or 
whether  the  irregularity  power  spectrum  had  little  spectral 
power  at  the  meter  wavelength  end.  Comparison  of  irregular¬ 
ity  spectral  power  at  kilometer  and  meter  wavelengths  in  the 
equatorial  ionosphere  is  being  actively  pursued  [Woodman  and 
Hmu.  1977). 

Over  the  magnetic  east-west  portion  of  the  flight  paths, 
weak  scintillations  were  recorded  by  both  aircraft.  The  mea¬ 
surements  indicate  that  the  AFGL  aircraft  encountered  8-dB 
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Fig.  io.  Scintillation  nieasurements  of  the  249-MH7  transmis¬ 
sions  from  the  Les  9  satellite  made  on  October  15-17.  1975.  with 
aircraft  flown  by  the  Air  Force  Geophysics  Laboratory  (Al  (il.)  and 
the  Air  Force  Avionics  Laboratory  (AFAL)  The  subionospheric  (300 
km)  flight  paths  of  the  two  aircraft  are  shown 

scintillation  levels  whereas  the  AFAL  aircraft  encountered  6- 
dB  levels,  although  the  latter  path  was  closer  to  (he  magnetic 
equator.  Since  the  two  aircraft  did  not  cross  the  same  meridian 
at  the  same  time,  it  is  difficult  to  separate  the  spatial  and 
temporal  variation  and  to  comment  on  the  latitude  varia¬ 
tion  of  the  irregularity  strength.  During  the  eastward  flight 
the  AFGL  and  AFAL  aircraft  crossed  the  Jicamarca  meridian 
at  0450  UT  and  0520  UT.  respectively,  and  detected  about 
6-dB  scintillations.  The  Jicamarca  radar  did  not  detect  any 
3-m  irregularity  structure  at  this  time.  This  is  not  surpris¬ 
ing  in  view  of  the  low  level  of  scintillations  observed. 

The  initial  appearance  of  plumes  in  the  early  part  of  the 
night  at  the  westernmost  location  of  Jicamarca  as  observed  on 
October  16-17,  1976.  should  be  viewed  as  an  exception  rather 
than  as  the  rule.  In  general,  the  activity  on  a  given  night  starts 
on  the  eastward  propagation  path  before  it  starts  on  the  west. 
The  illustration  shown  in  the  work  of  Bandyopadhyay  and 
Aarons  [I970|  indicates  that  for  only  20%  of  the  lime,  satellite 
scintillations  on  a  westward  propagation  path  start  before 
those  on  an  eastward  propagation  path. 

In  order  to  illustrate  this  aspect  of  the  problem  we  compare 
simultaneous  radar  backscatter  and  scintillation  measure¬ 
ments  made  on  October  17,  1973,  3  years  earlier  than  the 
present  set  of  observations.  The  bottom  panel  of  Figure  4 
shows  that  on  this  night,  radar  backscatter  measurements  were 


made  at  Jicamarca  [H'liodiiian  and  La  Hoz.  1976)  and  simulta¬ 
neous  scintillation  measurements  were  made  at  Huancayo 
with  the  I37-MH7  transmissions  from  ATS  3  and  the  2.54- 
Mll/  transmissions  from  Les  6.  The  subionosphcric  locations 
of  ATS  3  and  Les  5  corresponding  to  an  ionospheric  height  of 
350  km  are  indicated  in  (he  diagram.  T  he  lop  panel  shows  the 
range-time-inlensity  plots  of  3-m  irregularity  structure  ob¬ 
tained  with  the  .50-MH7  radar  at  Jicamarca.  Il  may  be  ob¬ 
served  that  a  thin  irregularity  structure  evolved  at  1925  LT. 
persisting  until  about  2000  LT.  when  a  plume  structure  devel¬ 
oped  The  second  panel  shows  the  development  of  137-MH/ 
scintillalion  al  Huancayo,  the  suhlonospheric  location  of  A  f  S 
3  being  1.9“  to  the  east  of  Jicamarca.  Il  may  be  noted  that 
scintillations  on  ATS  3  developed  after  2010  LT  and  a  sharp 
increase  from  6  lo  22  dB  occurred  after  2030  LT.  When  the  top 
two  panels  are  compared,  it  is  found  that  scintillations  imme¬ 
diately  to  the  east  of  Jicamarca  occurred  after  the  development 
of  irregularity  structure  over  Jicamarca.  It  we  assume  that  the 
plume  structure  observed  over  Jicamarca  drifted  eastward  to 
cause  the  sudden  increa.se  of  scintillation  on  ATS  3.  a  drift 
speed  of  116  m/s  is  obtained.  If  we  now  observe  the  third 
panel,  which  shows  the  development  of  254-MH7  scintillation 
on  Les  9,  the  subionospheric  location  being  far  to  the  east  with 
a  longitude  separation  of  4°  16'  from  Jicamarca,  we  find  that 
the  onset  of  Les  6  scintillation  occurred  slightly  earlier  than  the 
onset  of  ATS  3  scintillation  at  Huancayo.  This  scintillation 
structure  (marked  A  in  Figure  4)  observed  on  the  Les  6  propa¬ 
gation  path  cannot  be  associated  with  the  drifting  irregularity 
structure  observed  over  Jicamarca  but  must  have  been  caused 
by  an  independent  irregularity  structure  developing  to  the  east 
of  the  Huancayo  ATS  3  ray  path.  In  fact,  the  second  scintilla¬ 
tion  structure  observed  on  the  Les  6  propagation  path  after 
2100  LT  (marked  B  in  Figure  4)  could  be  as.sociated  with  the 
plume  structure  at  Jicamarca  and  the  lirst  scintillation  struc¬ 
ture  on  ATS  3  if  we  a.ssume  an  average  drift  speed  of  about  1 30 
m/s.  Comparing  the  set  of  observations  made  on  October  16- 
17,  1976,  discussed  in  detail  above,  with  the  set  obtained  nearly 
3  years  earlier,  also  discussed  above,  we  conclude  that  on 
certain  nights  a  single  irregularity  structure  may  evolve  and 
while  drifting  eastward  may  cau.se  scintillations  to  occur  as 
long  as  it  persists,  or  a  series  of  irregularity  patches  may  evolve 
and  while  drifting  ea.stward  may  give  rise  to  a  series  of  .scintil¬ 
lation  .structures.  Thus  the  location  of  generation  of  the  irregu¬ 
larities.  their  drift,  and  their  lifetimes  dictate  the  lime  evolu¬ 
tion  of  (he  scintillations  observed  at  a  given  ground  station  in 
(he  equatorial  region. 

Discussion 

Our  results  indicate  (hut  intense  3-m  irregularity  patches 
delected  by  the  radar  arc  associated  with  strong  scintillation 
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I  ig  4,  (  iimp.iri'Min  of  (he  50-MH/  radar  hack  scatter  map  obtained  at  Jicamarca  on  October  P.  1973.  and  scintillation 
nic.isuremcnts  made  at  Huancayo  with  the  137*  and  254-MH/  transmissions  from  the  ATS  3  and  Lcs  6  satellites, 
respcetiseK 


events.  Thus,  in  general.  I  he  kilomeler-si/e  irregularities  are 
obtained  when  the  3-m  irregularities  are  present,  a  finding 
which  is  of  course  predicted  by  the  theory.  Although  they  are 
not  covered  in  this  preliminary  report,  we  have  found  cases,  in 
particular  during  the  postmidnight  period,  when  patches  con¬ 
taining  kilometer-si/e  irregularities  were  obtained  without  any 
associated  radar  event.  It  seems  that  on  occasion  the  turbulent 
energy  fails  to  cascade  down  to  meter  scale  .sizes  We  expect  to 
obtain  .lore  information  in  this  regard  from  radar  and  scintil¬ 
lation  measurements  performed  on  a  common  ionospheric 
volume  during  March  1977. 

We  have  shown  that  the  radar  backsealler  and  seinlillatton 
measurements  are  consistent  with  an  eastward  drift  speed  of 
irregularity  patches  at  about  100  m/s.  The  scintillation  obser¬ 
vations  as  well  as  transequatorial  propagation  experiments 
indicate  that  irregularity  patches  can  move  past  a  fixed  propa¬ 
gation  path  within  a  few  tens  of  minutes  to  a  maximum  of  100 
mm.  the  latter  ligure  being  reported  by  Mnugfr  ( 1976).  Com¬ 
bining  the  drift  speed  with  the  duration  of  the  scintillation 
event,  we  obtain  east-west  patch  dimensions  of  several  hun¬ 
dred  kilometers  This  is  consistent  with  the  recently  published 
in  situ  results  |,Mi(  /wre  ei  al .  1977).  We  have  shown  that  the 


radar  map  corresponding  to  a  single  scintillation  patch  may 
exhibit  considerable  structure.  The  simple  scintillation  event 
observed  on  October  16-17,  1976,  was  associated  with  the 
radar  event  showing  two  plumes  joined  by  a  thick  region  of 
intense  irregularities  at  low  altitudes. 

The  generation  of  irregularity  patches  is  indeed  very  local¬ 
ized.  as  was  revealed  by  multistation  scintillation  measure¬ 
ments  made  with  an  east-west  ionospheric  separation  as  small 
as  175  km.  The  lifetime  of  the  large-scale  irregularity  patches 
has  been  shown  to  be  at  least  several  hours 

The  localized  nature  of  irregularity  formation  and  the  di¬ 
mensions  of  the  patch  indicate  that  very  large  scale  global 
patterns  of  winds  and  tides  cannot  be  used  to  determine  the 
physical  conditions  necessary  for  the  generation  of  the  irregu¬ 
larities. 

■li  ktMiw/rtiKnwmx  We  thunk  the  stufT  of  the  Institute  (leofisico 
del  Peru  for  their  help  in  recording  (he  data  and  (heir  hospitality 
toward  the  visiting  scientists.  In  addition,  the  assistance  of  John  Mul¬ 
len.  Ilerhcrl  Whitney  (Air  Force  Geophysics  Laboratory),  and  Allen 
Johnson  (Air  Force  .Avionics  Laboratory)  in  making  the  observations 
and  reducing  their  data  is  gratefully  acknowledged.  This  work  was 
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\hs tract.  Ill  M»ii  ineasurcmcnts  of  equatorial  electron  density  irregulari- 
iicv  in  the  E  ickiioii  h\  tuckcis  and  satellites  have  yielded  a  power-law 
f«nin  of  oiu'-diiuonsional  wave  niinihcr  spool  rum  of  spectral  index  2  in  a 
dirccli'in  IraiKvetso  to  the  magnetic  field  over  a  scale  si/e  range  of  several 
krn  to  sovor.il  tons  of  m.  Equatorial  scintillation  measurements  in  the 
WME  (‘HE  hand  which  are  most  sensitive  to  irregularities  of  several  km 
to  sevs'ral  hundred  m  are  consistent  with  (he  in  situ  spectral  results.  Hie 
hackscatlcr  incisurcrr.ents  made  at  Jicainaica  at  50  Mil/  provide  an 
additional  nu.isuremciii  of  the  s}K'clral  power  at  Jm  wavelength. 
(  oinpuialions  art’  presented  toi  the  hackscatlcr  intensity  expected  from 
irregul.iiitu's  with  power  law  spectrum  in  the  transverse  direction  but 
which  are  infinitely  elongated  along  the  magnetic  Held.  The  computed 
inlensiiy  is  compared  with  actual  backsculter  measurements  and  corre¬ 
lated  sdntiilation  ohscivatiuns.  It  is  found  that  in  order  to  reamcile 
the  hackscatlcr  measurements  with  the  •.imultaneims  VHE'/UHE 
scintillation  nbservalions  a  gaussian  type  cut-off  «»f  the  pnwerdaw 
^^xctrum  IS  iu  ccss,ir>  at  rn  wavelengths  near  the  0*  ion  gyro-radius. 

Introduction 

lii  siiii  measiircmeiits  of  spectral  charactcnstics  of  E-region  equa¬ 
torial  irregularities  u.sing  both  saiellitcs  and  rockets  have  yielded  a  power 

l. iw  type  oi  iricgulanly  power  spectrum  between  scale  sizes  of  several  km 

III  seseral  lens  m  in  ci  al..  Id74;  C'oata  and  Kelley,  1976;  Morse 

el  al  .  I977(  The  spectral  index  was  usually  found  to  be  approximately 
twi.  f*ir  (Miediinciisumul  measuronients  perpendicular  to  the  earth's 

m. ivnciu  field  lujsu  and  Husu  (  U>7m  utilized  such  a  power  specirunnn 
v.on|.iru  tioii  with  ()|.'o  (i  ohservalu'iis  of  laigc  irregularity  amplitudes  and 
l.irve  I'uler  s*  ale  sizes  to  explain  h4)ih  satured  VHE'  and  moderate  CM/ 
sciMiitlaiiois 

It  is  iinpufi.iiif  lo  note  that  lor  scintillation  measurements  in  the 
\'HI  ,'(  III  h.t!i,l  ihc  1  resiiel  dimensions  are  of  the  order  of  a  kin  to 
scveial  iii.ndrcd  ni.  As  mentioned  above,  this  range  has  been  covered  by 
c.'isting  in-siin  niejsuremctHs.  On  the  other  hand,  the  maps  of 
haskscaiterc'l  |>iwcr  tibtaincd  with  the  licainarca  radar  at  50  MHz  by 
\\>uuirnun  an:  itiUoz  (197^1  po  'iJc  ns  witlt  mlormatnni  regarding 
spccir.ii  |x’wci  HI  irregiilariiics  al  ^  m  sc.ile  length,  file  .1  rn  length  is 
outside  tlie  range  of  previous  and  »  xjsi.iig  in  sily  instrumentation,  llius  a 
lon’panson  ul  sanlillation  ;nid  hackscailci  observations  should,  in 
piiiiciple,  L'xicnd  (he  domain  over  which  spv'CtraJ  characteristics  of 
irregula{fHi*s  can  Ih'  inferred  and  thiv  is  the  purpose  of  the  present  note 
for  this.  wi  asMimc  an  irrcgulalnty  m-.idel  winch  is  consistent  with 
ni-situ  im .jsiircmenls  and  Ueterniine  an  ctcciron  density  deviation  using 
(Ins  model  and  observed  sCiritillatioTi  daia.  We  then  compute  Ihc 
t’  lckscallei  ilial  slunilj  ho  observed  with  suen  a  magniinde  of  electron 
•Icnsiiv  deviJiioii  .iiitj  compure  it  with  actual  correlated  radar  observa- 

l.'WIS 


S(  iiiitliaiion  and  Radar  Hackscatter  Computations 

An  oppoiiiiiiif>  fo  make  correlated  ohservanfion.s  of  rantrllation 
.nul  backscatlei  was  provided  during  the  eqi  atonal  irregulahty  compaign 
onduded  b>i  the  Air  force  Geophysics  Laboratory  in  October.  IV7f 
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{Basu  and  Aarvns,  1977,  Aarons  et  al..  1978).  In  particular,  on  October 
29,  1976  scintillation  measurements  were  conducted  from  fluancayo  on 
the  ATS'6  satellite  when  it  was  being  moved  from  the  eastern  to  the 
western  hemisphere.  Rather  fortuitously,  the  ionospheric  intersection 
point  at  the  350  km  level  was  1  l.3*S.  76, 6®W  approximately  30  m  east 
ivf  the  Jicamarca  radar  location  (l!.95"S.  76^17^).  The  simultaneous 
hackscatter  and  scintillation  observations  are  shown  in  Figure  1 

The  hackscatter  map  obtained  using  techniques  similar  to  that  of 
WtHMlman  and  I.aHoz  (1976)  was  Icindly  made  available  to  us  by  Dr.  J.  P, 
McClure.  The  digital  map  obtained  using  8  levels  between  6  and  48  dB  is 
rather  difficult  to  reproduce  and  this  the  map  has  been  redrawn  to  show 
4  diffeicnt  intensity  levels  approximately  above  the  incoherent  scatter 
returns  obtained  from  thermal  fluctuaiions  in  a  plasma  with  density  on 
the  order  of  10**  elecirons/m^  Similar  maps  have  been  discussed  in 
detail  by  Woodman  and  I.aHoz  (|976)  and  we  shall  only  comment  on 
the  fact  that  at  2100  LT.  the  iicamarca  radar  observed  a  200  km  thick 
irregularity  layer  in  which  the  intensity  of  the  hackscatter  echo  varied 
between  .30  and  42  dB  above  the  coherent  scatter  level. 

At  the  same  time,  the  360  MHz  amplitude  channel  recorded  a 
peak-topesk  nuctudt'nm  of  H  dB  equivalent  to  the  theory-based  index 
S4**  0.4.  lire  1.37  MHz  channel  was  observing  large  amfriitude  scintilla¬ 
tions  in  excess  of  20  dB.  The  moderate  level  of  the  360  MHz  scintillation 
made  it  possible  to  use  weakscattcr  theory  for  the  estimation  of  AN.  We 
used  equation  (5)  of  Cosfa  and  Kelley  (1976)  applicable  lo  anisotropic 
irreguianties  with  power  law  spectrum  in  conjunction  with  the  observed 
irregularity  layer  thickness  of  200  km  and  assumed  an  outer  scale  of  20 
km  (Basu  and  Basu,  1976)  to  determine  the  value  of  AN.  The  magnitude 
of  AN  SO  obtained  for  S4  »  0.4  is  6  x  10*®  m  *  The  AFGL  aircraft 
(used  in  Peru  as  pari  of  the  equatorial  irregularity  campaign)  with  u, 
digital  ionosonde  on  board  was  unfortunately  not  operating  on  the  night 
of  October  29.  1976.  However  it  did  observe  a  plasma  number  density  of 
6  X  iO**  m’®  (foF7  of  7  MHz)  on  ihe  following  night  at  2100  LT  near 
Jicamarca  (/  Buchau.  pnvale  communication,  1977).  Thus  irregularities 
with  amplitudes  on  the  order  of  10  pcrceni  were  probably  causing  the 
scintillations  as  well  as  the  associated  hackscatter. 

In  the  Appendix,  wc  have  derived  the  pertinent  equations  for 
computing  hackscatter  fnmi  irregularities  which  arc  infinteiy  elongated 
along  the  magnetic  fidd  It  is  shown  that,  if  the  one-dimensional  wave 
number  spectrum  is  given  by 


«(kx)- 


14  >  1.U 

rr 


U) 


in  agreement  with  in-situ  observations,  then  the  three  dimensional 
spectrum  for  cylindrically  symmetric  irregularities  infiniteley  eniongated 
along  B  is  given  by 


1>  (k)- 


Mk,,) 

(1  +kj.>Lo*)*/* 


(2) 


where  is  Ihc  outer  scale  of  irregularities  with  r.m.s.  electron  density 
deviation  AN.  and  ku  and  kj  are  wavenumbers  parallel  and  perpendi¬ 
cular  to  the  magnetic  field  B.  Lismg  equation  2  and  considering  the 
iBpect  sensitivity  ol  the  iiregulariiies  wc  obtain  the  following  relavionsliip 
for  Ihe  ntiu  of  PhE*  backscaltered  power  form  irregularities  at 
distance  h,  lo  ph|  the  backacattered  power  from  thermal  fluctuations  in 
the  plaima  at  distance  h. 
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Phi  N  (1  +k*[,o’|*'*«k 

As  mentioned  eariier.  our  object  is  to  use  (he  same  value  of  1^,  -4$ 
used  in  (he  scintillation  computations  together  with  the  derived  value  td' 
from  the  scintillation  measurements  to  obtain  a  nunterical  cMiniaie 
of  the  ratio  given  in  ctjuution  (  If  the  same  monotonu  (ntwor  law  ioini 
1)1  the  spectrum  exists  up  to  wavelengths  ns  diorf  ax  .1  m.  then  it  ix 
expected  that  tlie  computed  value  ol  this  ratio  and  ilui  ot^xcived  in 
l  igure  I  should  agree.  Wc  obtain  instead 


log 


Phf. 

Phi 


K2  dR 


<41 


where  AN  •  6  x  10*®  m  * 

N  •  6x  10**  m'^ 

-  JOkm 
k  •  :.09m  * 

6  ■  .0102  radians  1*0. 7**). 


The  last  two  paramenters  are  relevant  for  the  Jicamarca  radar. 

The  observed  enhancement  at  2100  LT  was  on  the  order  of  40  dB. 
Thus  there  is  a  discrepancy  of  at  least  4  orders  of  magnitude  between  the 
observed  radar  backscatter  power  and  that  given  by  e<|uaitoii  4 

Discussions 

The  very  large  discrepancy  of  4  orders  of  magnitude  between  the 
observed  radar  backscatter  and  tliat  computed  on  the  basis  of  a 
monotonic  power  law  spectrum  is  an  interesting  and  unexpected  result. 
Farley  et  d.,  had  stated  in  1^70  that  us  a  rough  guess,  the  irregularities 
were  at  times  lO^-lO*  times  as  strong  as  those  responsible  for  incoherent 
scatter.  But  with  improvements  in  experimental  techniques,  it  seems  that 
a  figure  of  10^  is  more  accurate.  Thus  the  black  portions  of  the  cadat 
map  in  Figure  1  show  enhancements  on  (he  order  of  10^  times  the 
incoherent  scatter  returns.  There  is  some  digital  saturation  around  this 
level,  but  the  fact  that  this  level  is  observed  over  relatively  small  height 
intervals  at  a  time  (also  for  instance  in  the  maps  given  by  W<HHiman  and 
LaHoz  ( ld76))  shows  that  saturation  does  not  occur  extensively  lliat  is. 
most  of  (he  time  (he  signal  is  even  lower  than  4H  dB  this  is  the  case  for 
the  signals  around  2100  LT  on  October  2d,  !'r7^.  hoscii  for  these 
computations 

Our  computations  have  been  based  on  the  power  law  spectrum 
observed  by  various  experimenten  using  in^situ  rocket  and  satellite 
techniques.  Fredricks  and  Coroniti  ( 1976)  have  recently  pointed  out  that 
there  is  no  unique  connection  between  the  rest  frame  power  spectrum  as 
a  function  of  scale  length  and  denved  power  spectrum  as  a  function  of 
frequency  computed  from  the  time  series  data  taken  in  (he  moving  frame 
such  as  obtained  from  rockets  and  satellites.  In  particular,  for  (he 
anisoptropic  spectrum  considered  here,  these  authors  show  that  aliasing 
can  be  expected.  Thus  the  real  spectral  index  may  be  different  from  the 
observed  index.  There  is  also  little  experimental  information  on  the 
actual  value  of  (he  emter  scale  used  in  (he  scintillation  computations.  In 
addition,  by  using  a  value  of  200  km  for  (he  thickness  of  (he  irregularity 
layer,  we  tacitly  assumed  that  the  km  scale  irregularities  are  distributed 
in  the  same  way  as  the  3  m  scale  irregularities  observed  by  the  radar. 
However,  all  these  potential  sources  of  error  cannot  explain  the  4  orders 
of  magnitude  discrepancy  between  (he  computed  and  observed  back¬ 
scatter  power. 

It  is  important  (ii  point  out  here  (hat  the  3  m  scale  length  probed  by 
(he  radar  is  of  (he  same  order  as  (he  O*  ion  gyro-radius  <*<  * 
temperature  of  700^  which  is  appropriate  to  the  nighttime  equatorial 
region  under  sunspot  minimum  umditions.  Most  of  the  recent  theories 
specifically  developed  to  explain  equatorial  spread-F  {Bdsley  el  al.. 
l*i72:Haerendel,  unpubliih  manuscript,  1974;//Mdsrw  and  Kennel  1975) 
have  roniidered  a  perpendicular  scale  length  regime  much  larger  than  Ko 
and  are  thus  not  applicable  to  (he  radar  measurements.  We  shall  put 
forward  some  qualitative  arguments  to  explain  why  it  is  probable,  fnuii 
energy  considerations,  to  expect  a  rapid  fall-off  in  the  spectral  power  of 
the  irregularities  near  Ro- 


11ie  larger  scale  length  irregularities  arc  probably  created  by 
turbulent  mixing  ol  the  background  loiii/aiion  in  rcgH»n\  where  there  is  a 
pnmary  (or  secondary)  gradient  of  lorn/alion.  Small  jMilan/alion  fields 
<£xB/H^  (tierinall  are  suflicieiii  lu  produtv  Ihc  Inrlnilent  mixing 
whetehv  parcels  ol  small  ilensily  arc  cimveited  l«i  regions  ot  higher 
densily  aiiii  vice  versa  Such  irregularities  aic  p«>s.sihle  onlv  lor  s(..il(' si/es 
largei  lhan  a  gvio  r.Mliiis  il  we  wani  lo  kci’p  |>ol;irt/.ilii>n  .null 

eitiMigh  .ind  iii.iMii.iMi  llu*  i|iMsi.||ciilr;ihtv  •>!  tin  irit'gnl.trilies  hi  ih.u 
way  iIh*  lolls  wtiiiltl  siill  gyrate  in  Lircnl.n  liaick  imies  .innind  .1 
slitwiy  linlting  giiuhng  ceniei  As  siion  as  we  .illow  lor  larger  Itelds.  llu 
eleclrtislaiic  energic  coiilcnt  ol  ihe  irregularities  In-comes  larger  .nnl  it 
becomes  more  dithcnil  lo  create  Ihe  irregularities 

It  is  poxxilrle  to  a.sxih'iale  with  e.ich  m^^netic  lield  line  .<  population 
of  loncx  gyrating  around  il  with  a  thermal  vehn'iity  tliNlribulion  ol  die 
form  exp  <'miv'^/2KT).  These  lom.  will  occupay  a  volume  in  wlncli  ilie 
density  is  of  tlic  form  exp  (■r2/2Ko^).  where  r  is  the  distance  from  (he 
guiding  center  and  is  (he  mean  radius  of  the  tonic  orbit  frven  hy 
(K T/m,)* wliere  uij  is  the  ion  gyro  frequency.  This  swarm  of  ions 
can  he  easily  ncuirali/ed  by  (he  proper  density  of  elections  gyrating 
along  the  neighbouring  lines.  It  is  impossible  to  create  an  elementary 
volume  of  gyrating  ions  with  an  asstK'iated  Maxwellian  distribution  that 
ha.s  smaller  radial  exieni  than  unless  one  strongly  distorts  their 
circular  orhils  'fhis  distortion  would  mean  the  introduction  of  strong 
small  scale  elcethc  fields  which  we  are  trying  to  keep  as  low  as  possible 
(and  still  have  irregularities)  bused  on  energy  considerations.  On  the 
other  hand,  it  is  possible  to  syntheti/e  any  sort  of  large  scale  irregularities 
hy  the  superposition  of  these  neutralized  elementary  volumes  of  gyrating 
urns. 

Il  i.s  to  he  expected,  tlien.  that  a  drastic  cut-ofr  must  exist  at  scale 
sizes  comparable  to  the  gyro  radius.  The  above  arguments  suggest  an 
autocorrelation  lunclion  of  the  form 


H(f)  *  ^'(AN>*  >  exp  (  r  /I  o)  •  exp  (-r^'2K?,)  (^1 


where  the  asterisk  implies  convolution.  The  first  exponential  term  in 
equation  (5),  namely,  exp  (  r^  /L,,).  is  Ihe  experimentally  determined 
correction  function  for  larger  scale  sizes.  1he  convolution  by  exp 
(•r j’'*/2Kjj*)  Imiils  the  smaller  scale  to  with  a  gaussian  type  ot 
cut  off.  This  leads  to  an  equivalent  wave  mm^hcr  spectrum  uf  the 
following  form 


«l»(k)- 


(AN)*.-  lo- 


Mk„) 


oxp(  k‘i  K*;.')  ((.) 


which  in  turn  gives  instead  ttl  equation  .V 


PhK  _ 

’’hi  NkO 


|l’+kj»U.*)*'» 


.  cxpi-k^'R.)*/;) 


(■’I 


Now  Ro  •  3.35  rn  for  O*  ii'ns  at  a  temperature  of  700®K  for  a  magnetic 
field  of  0.3  gauss.  M  we  use  this  value  of  Ko  m  equation  7.  the  correction 
factor  namely  exp  (k*Ro/2),  is  of  the  order  of  lO'*®  while  an  agree¬ 
ment  with  observations  requires  a  correction  of  rhe  order  lO**  <ir  lO'^ 
Thus  to  obtain  u  belter  correspmulence  with  experimental  results  the 
value  ol  the  radius  lias  to  he  reduced  hy  a  factor  ol  i  .*'.  With  such  an 
ad-hoc  alteration  of  the  value  of  R,,  we  obtain  for  the  ratm: 

Inp  Pllk  _  .4  jB 

P|,l 


which  agrees  quite  well  with  (he  experimental  observations  shown  in 
Figure  I  It  is  well  known  that  a  gaussiun  spectrum  is  very  sensitive  to 
tlie  value  nt  the  scale  size  Thus  in  equation  7.  a  relatively  mmor 
adiusttncnl  in  the  vtiluc  of  R^  brought  agreement  between  computation 
and  observation. 

It  4.S  our  feeling  that  a  break  in  the  irregularity  spectrum  probably 
exists  and  that  ion-gyro  radius  plays  a  promineni  part  in  determining  it 
It  IS  interesting  to  note  that  a  steep  fall-off  was  found  in  (he  scattering 
vrosssection  at  a  perpendicular  scale  length  of  apprt>xtmitely  .3  m  in  (he 
CBC  of  nuiltifrequency  backscattering  frimi  an  artificially  heated 
ionospheric  volume  (Minkoff.  1974).  In  addition  to  its  obvious  impor- 
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Cana*  in  Ifu*  Uoiernimalion  ot  plasma  processes  which  cieati*  Ihc 
irtc((uiarilics.  fin*  existence  <'t  a  steep  cuts'll  armind  a  lew  m  uImi  has 
practical  implications  tor  pulse  propagathm  within  the  ion(>S|>lierc.  lor 
instance,  if  the  scale  length  corresponding  to  the  hr«*ak-point  is 
eonsideretl  to  Iv  the  efleciivc  inner  scale  ot  llie  power  law  spectrum. 

piilsv  . .  ilm-  In  s(  .tderiiig  in  the  1(M)  t(K)  MM/ hand  is  expected 

Im  '  niilcis  nl  Ml.l^•MilllJe  less  iti.iii  III  die  lase  nt  who'll  .1  iiionoioiiK 
ptnci'r  la*  sjvi.iiiim  extends  .ill  the  way  up  to  the  |K*hy  tciiglii  1 1  «•/< 
and  l.iu. 

We  would  tike  It)  add  that  recent  tthservalions  show  that,  later  at 
ntglii.  It  IS  ixis.sihle  to  have  scintillations  without  hackscattering  echoes 
el  .il  T'  'K).  implying  that  it  is  possible  at  liities  to  have  a  ciil*ort 
It  longer  wavelengths.  This  docs  not  contradict  «mr  ptistulale  regardinga 
gaiissian  cui-oH  at  the  u>n-gyro-radius.  Wo  leave  open  Ihc  p«»sibility  fur 
.idiiiiit'nal  factors  whidi  would  prevent  llic  foriiialion  oi  irregularities  at 
iIk'  shoii  wavelengths,  in  any  case,  from  expcriincntal  as  well  as  physical 
grountls  we  wtiuld  not  expect  the  k'2  power  s|H*clrum  to  extend  beyond 
the  i<>ii  ey  10  liKltiis. 

We  lin|>c  iii.li  these  preliiinnary  results  will  poivulc  an  incentive  for 
iii.ikiiig  iiiiiliiltei|ueiu'v  h.uksi.illei  iiieasiiienienls  .it  tret|uencies  holli 
.ihnve  and  below  .St)  MM/.  Wo  would  also  like  to  suggest  the 
nnplementalion  m  probes  wiili  ni  resolution  to  determine  the  exact 
vaiiio  of  the  break  point  and  the  actual  wave  number  dependence  at  the 
shoit  wavelength  end  of  the  spectrum. 


Where  V  is  the  backseaticr  ^xiwei  return  and  A  is  a  constant  ol 
proportionality  depending  on  system  parameters  and  which  includes  the 
electron  scaternng  cross  section.  We  differ  here  with  the  standard  text 
h<H»k  exprci^on  for  V.  in  that  we  have  written  explicitly  the  antenna 
heampaltcrn  and  radar  pulse  shape  weighting  function  l-<xt^  in  the 
iiiicgrali«m  over  the  .scattering  volume,  and  the  spatial  depi’iulence  of 
(x|tM  the  lyfuc.il  I  oiiiliei  haitslonn  leiiii.  I  king  llu*  ei|u:diiv  A  4 
III  A*6.  we  giet.  alter  integration 

A  ^  V  I) 

.  .  -  .  -  .  ,  A-7 

OD  k 


where  V  and  0  are  the  effective  scattering  volume  and  beamwidth  of  the 
antenna.  D  is  the  average  distance  to  the  scattering  volume. 

On  the  other  hand,  the  expression  for  the  incoherent  backscatter 
power,  P|.  when  the  Debye  length  is  much  smaller  than  k'^  is: 

N 

pi-AV  A-H 

2i2ni^ 

since  iindct  these  coiidilions  ‘l*(k )  ■ 


N 


^  (e.g.  Siilpvli'r  rw».M. 


The  power  ratio.  P/Pp  is  then  given  by 
H  (AN2)>  Lo* 

p/pi « 

'  *  Nll  +  k* 


Appendix 


W\'  asvuinc  an  electron  ilcnsiis  one-diincnsional  wave  number  spec¬ 
trum  oi  a|uaiori.il  irregiiianties  (o  he  <>(  the  form 


.Mkvl  = 


I^N)^  ■ 


I 


A  I 


in  agreenieni  with  iiiMiti  ohseivalions.  In  e<|iiation  A  i.  kx  is  the 
wavenumber  m  n  direction  iK-rpendicular  fo  the  magnetic  tlcld  is  the 
outer  scale  of  turbulence  and  K  is  .1  constant  such  that 

y*'”  0(kxi  Jk,=  (aN)*>  ,  A-2 

where  •  (AN)*  >  > /*  i.s  the  rms  electron  density  fluctuation 

for  .1  one-  diineiisioiial  wave-mimher  spectrum  <if  the  form  given  in  A-l. 
there  correspond-  a  (Uii.'-dimension  correlation  function 

Ixl-  (AN^)  ■*  exp  ( -I '/I  ol )  A-.^ 


A  more  sophisticated  and  cumbersome  approach,  which  lakes  into 
account  the  curvature  of  the  wave  front  and  which  we  will  not  reproduce 
here,  gives  the  factor  used  in  the  text. 


HUANOnO  ATS-« 


-iitcc  ilicv  irc  .1  I  liner  transform  pan 

(I  we  assume  .1  rotational  syiiinieinc  threcxlimcnsionji  correlation 
(unction.  Kir)  mlriitcly  ciong^iied  along  the  axis,  we  can  wiitc- 

K  (r)  =  (AN*)  .■'.(>  (  ij  I  A-l 


which,  by  ihr>'e  i!imen.sioiijI  I  oiiriier  transformation,  correspontls  to  a 
Ihrce-dtiiu'fision.d  speet  rum 


CiT)^  J 


'K(r) 


^  (AN)*  -■  1-.  *  ,  ft  (kit) 

:j-  |i+k*ut*|*'* 


A-5 


HUANCATO  ATI-t 


Figure  I.  Correlated  Backscatter  and  Scintillation  Observations  on 
October  yi,  1976. 


AckiHiwiedgntents 


I  he  subscripts  ,  .ind  iMdiove  I.iIh-I  (fu  parallel  and  perpendicular  magni 
iiwle  cii  .1  veef"'  iiMiiponeni  wiili  respect  to  (he  magnetic  field. 

Next  we  derive  tlie  backscatter  returns  expected  from  irregularifues 
wiih  a  speitriun  given  by  A  S  For  highly  .ispecl  scnsitlbe  irregularities, 
as  the  ixies  icpresenled  hv  A  S.  we  write 

I’  *  '<x)|’y".lr  ("“‘’•'R(r)  (A.6) 


The  Af'Xil  cqiiaiohul  irregularity  campaign  W8.s  conducted  under 
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lackscatter  map  and  J.P.  Mullen  for  the  Huancayo  scintillation 
Jala.  One  of  the  authi>n  (S.b.)  wa.s  a  NRC  associate  at  AFOK  during  the 
crnirse  of  this  work  She  wishes  to  thank  the  National  Research  Council 
for  support  and  Santimay  Basu  for  many  useful  discussnins  The 
other  author  (R.F.W.)  was  a  visiting  Kientbt  at  the  Max-Planck  Institut 
fiir  Aenmornie.  I.indau,  during  the  course  of  most  of  this  work  and 
would  like  to  thank  the  institute  for  its  hoapitality. 
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On  the  Coexistence  of  Kiiometer- and  Meter-Scale  Irregularities 
in  the  N ighttime  Equatorial  F  Region 

Sanmmay  Bam  ,'  Si  nanda  Ham;.'  Ji  i  i  s  Aarons.'  J.  P.  M(  C  i  hki  and  M,  O.  Cm  sins' 

Nighiliinc  iiuillilrcqucnc)  scintiil;ihi)ii  qnd  SO-MII/  rudar  backscallcr  ohscrvaimn^  siniuli.inciuj^U 
performed  over  a  nearlv  eommon  lonirsphcne  volume  al  the  dip  equator  in  Peru  during;  Mareh  IU77  were 
used  to  snidv  Ihe  relalionship  between  the  laigc-sealc  iiregulanties  (  -0,1-1  km)  giving  rise  to  seiniilla- 
tions  and  sniall-seale  irregularities  (1  iii)  eausing  SO-MH/  baeksealter  It  is  shown  lhar  during  Ihe 
gener.ilion  phase  id  equatorial  irregularities  in  Ihe  evening  hours,  the  kilometer-  and  meter-seale  irregu¬ 
larities  eviexist.  whereas  in  the  later  phase*,  approximately  an  hour  after  Ihe  onset,  the  meter-seale 
irregularities  deeay  but  the  large-scale  ones  continue  to  retain  their  high  spectral  intensities  l-urlher. 
mullislation  seiiitillation  observations  front  a  ho.sl  of  geostationary  satellites  as  well  as  (rom  the  Wide¬ 
band  satellite  indicate  that  eastward-drifting  irregularity  structures  deteeled  around  midnight  cause 
sigiiilieant  seintill.itioiis  .it  tllll  and  /.  hand  but  generalty  fad  to  give  rise  to  appreciable  baeksealter 
I  bus.  contrary  to  expeelalioiis.  it  is  possible  to  have  even  /,  band  seintillalions  without  any  plume  struc¬ 
ture  on  backseatier  in.ips.  I  his  nidie.ites  that  al  later  local  time  a  ciitoll  of  the  spectral  intensity  probably 
occurs  al  some  scale  length  between  Ilk)  and  .1  m.  These  observational  results  are  discussed  in  the  con¬ 
text  III  ciirreiil  theories  ol  ptasiii.i  insiabdity  in  Ihe  equatorial  ionosphere. 


In)  RIIDI  I  I  KIN 

Ihe  cleleelion  of  spread  h,  ionospheric  scintillations,  and 
Vllt  rad.ir  hacksc. tiler  in  Ihe  nigliltiiitc equatorial  ionosphere 
shows  that  irregularities  with  scale  lengths  as  large  as  several 
kiloinelers  .ind  .is  small  as  a  few  meters  may  arise  in  Ihc 
equatorial  h  region  In  view  of  its  imporiaiice  in  communica¬ 
tions  channel  modeling  as  well  as  in  the  development  of  theo¬ 
ries  of  irreg'.ilarily  generation,  the  problem  of  coexislence  of 
irregularities  wilh  dilVereni  scale  lengths  in  a  common  iono¬ 
spheric  volume  has  recenity  engaged  the  attention  of  many 
workers 

As  early  its  Id7(),  /oWi  i  tt  al.  (IdTOj  stated  that  strong 
irregularities  observed  hy  the  ficamarca  radar  wrere  in  general 
associated  with  scinlill.ilions  W  hen  the  digital  power  mapping 
technique  became  available  |lfiWi»an  and  La  Hoz.  1976).  a 
preliminary  comparison  of  such  radar  maps  and  seintillalions 
during  Novciiiber- December  |q7S  made  by  Ba.su  el  al.  |I977| 
indicated  Ihal  plumelikc  structures  on  Ihe  maps  were  associ¬ 
ated  with  intense  seintillalions  in  the  VfIT  range  al  a  nearby 
localiori. 

Dsing  Ihe  Atmosphere  Txplorcr  C  satellite  (AI;-(  ). 
Mil  lure  ri  al  [19771  observed  that  l.irge-scale  bubbles  of 
depleted  ion  cimcenlriiTion  m  the  nighllimc  equatorial  h'  re 
gion  .ire  .issoci.iied  with  small-scale  irregularities.  These  mea¬ 
surements  provided  the  incentive  lor  a  more  carefully  c*oordi- 
nated  equ.iional  irregularity  campaign  in  I’eru  in  October 
I97(i.  During  this  campaign,  simultaneous  VflK  radar  back- 
scatter  and  ionospheric  scintillation  measurements  were  made 
near  the  magnetic  equator  in  which  the  ionospheric  volume 
explored  by  the  radar  and  scintillation  experiments  had  a 
minimum  separation  of  nearly  .ftX)  km  The  analysis  of  results 
obtained  on  one  night  when  a  single  plume  structure  was 
observed  hy  Ihe  Jic.imarca  radar  showed  lhal  the  irregularity 
patch  in  which  f-nt  irrcgultinlics  were  detected  hy  the 

‘  Tinnianuel  (  iillcgc.  Boston.  Massachiisells  1)21 1.^. 

'  Air  force  ricophysies  l.aboralorv.  Hanscom  Air  force  Ba.sc,  Bed¬ 
ford  Mass.ichusciis  0|7tl 

’  I  'niversitv  ol  Texas  al  D.ilt.is.  Ktehardson.  Texas  75fMIO, 

*  SRI  International.  Menlo  f.irk.  <  alilorni.i  v)4t)2y 
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radar  in  the  postsunset  period  drifted  eastward  and  caused 
onsets  of  scintillations  on  two  propagation  paths  located  to  the 
cast  of  Jicamarca  [/turom  el  al .  197KJ.  T  his  result  implied  that 
Ihc  patch  contained  both  .T-m  and  kilometer-scale  irregulari¬ 
ties  which  caused  radar  baeksealter  and  scintillations,  respec¬ 
tively,  and  the  kilometer-scale  irregularities  persisted  in  a 
patch  fv>r  at  least  several  hours  during  the  transit  of  the  patch 
to  various  propagation  paths  involved  in  the  scintillation  ex¬ 
periment.  Owing  to  the  separations  encountered,  it  was  not 
possible  to  conclude  whether  the  .'-m  irregularities  persisted  in 
the  patch  at  later  periods  of  time  when  scintillations  were 
detected. 

in  the  course  of  the  above  campaign,  scintillation  measure¬ 
ments  were  made  on  October  29.  1976,  with  the  ATS  6  satellite 
when  the  propagation  path  of  the  satellite  to  the  Huancayo 
ground  station  intersected  the  ionospheric  height  at  a  point 
where  the  radar  was  performing  backscatter  measurements. 
The  results  of  these  simultaneous  measurements  over  a  com¬ 
mon  volume  discussed  by  Woodman  and  Ba.su  [1978)  indicate 
that  the  temporal  variations  of  .l-m  and  kilometer-scale  irregu¬ 
larities  were  identical,  establishing  thereby  the  coexistence  of 
irregularities  with  scale  lengths  covering  nearly  four  decades. 

A  careful  sluity  of  Ihe  radar  maps  published  by  Woodman 
and  La  Hoz  [  I97b|  and  the  maps  acquired  by  us  during  Octo¬ 
ber  1976,  however,  indicates  that  the  extended  3-m  irregularity 
structures  with  which  strong  scintillations  are  associated  m 
general  arise  shortly  after  sunset.  On  the  other  hand,  strong 
scintillation  events  are  detected  quite  often  even  after  mid¬ 
night.  Ba.su  and  Aarons  [  1977)  concluded  that  during  the  Octo¬ 
ber  campaign  there  was  a  statistical  preponderance  of  scintilla¬ 
tion  structures  as  compared  to  the  extended  3-m  Irregularity 
structures.  This  seemed  to  Indicate  the  possibility  of  having 
two  types  of  equatorial  irregularities,  one  type  w  ith  significant 
spectral  power  al  both  kilometer  and  meter  scales  and  Ihe 
second  wilh  considerable  power  al  kilometer-scale  lengths 
with  little  or  no  power  al  3  m 

The  second  equatorial  campaign  in  March  1977  was 
planned  to  provide  more  delinilive  answers  to  Ihe  important 
problem  of  coexistence  of  kilometer  and  meter  scales  in  the 
various  phases  of  irregularity  development  and  decay.  The 
mvtsi  important  improvement  during  this  campaign  was  the 
availability  ol  scintillation  and  radar  backscatter  data  per¬ 
taining  lo  a  common  ionospheric  volume  for  an  extended 
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Fig.  I.  Subionospheric  pusilions  (referred  to  an  altitude  of  400  km)  of  sciniillalion  measurements  on  March  19-20. 
1977  The  ground  stations  at  Ancon  (A)  and  Huancayo(H) performing  scintillation  observations  and  Jicamarca  (J )  making 
radar  backscatier  observations  are  indicated  in  the  diagram.  The  satellites  LES  8.  ATS  J,  Goes  I,  and  LES  9  are 
abbreviated  as  L-8.  A-3,  G.  and  L-9,  respectively. 


period.  We  were  a\so  able  lo  make  scinlillavton  ineasureitnenks 
at  closely  spaced  points  both  to  the  west  and  to  the  east  of 
Jicamarca  so  that  the  evolution  and  decay  of  the  drifting 
patches  could  be  adequately  monitored.  With  this  unique  data 
set  we  were  able  to  demonstrate  that  it  is  possible  to  have  two 
kinds  of  equatorial  irregularities  such  as  mentioned  above.  In 
this  paper  we  discuss  the  results  obtained  on  one  day  which 
seems  to  be  fairly  typical  of  the  entire  observation  period.  The 
implications  of  these  measurements  are  also  discussed  in  the 
context  of  current  theories  for  the  generation  of  equatorial 
irregularities. 

Observations 

On  the  night  of  March  19-20,  1977,  50-MHz  radar  back- 
scatter  observations  were  performed  at  Jicamarca  (ll.95°S, 
76.86°W)  near  the  magnetic  equator  in  Peru.  Radar  power 
maps  corresponding  to  three  scattering  volumes  separated  in 
the  east-west  direction  by  6%  of  altitude  were  acquired  by 
three  antennas  as  discussed  by  Basu  el  al.  (1977).  We  shall 
present  the  maps  obtained  with  the  westernmost  radar  beam. 
When  referred  to  400-km  altitude,  the  above  location  corre¬ 
sponds  to  a  position  which  is  approximately  30  km  to  the  west 
of  Jicamarca.  Simultaneous  137-MHz  scintillation  measure¬ 
ments  were  made  at  Ancon  ( I  l.yi'S,  77.I5'’W)  with  the  Goes 
I  satellite.  The  intersection  of  the  propagation  path  from 
Ancon  to  Goes  I  with  an  ionospheric  height  of  400  km  was 
located  only  10  km  to  the  east  of  the  held  line  passing  through 
the  volume  illuminated  by  the  westernmost  radar  beam.  How¬ 
ever.  the  north-south  (N-S)  separation  of  the  two  volumes  was 
approximately  SO  km.  In  view  of  the  hcld-aligned  nature  of 
equatorial  f  region  irregularities,  the  relatively  large  N-S  sepa¬ 
ration  may  not  be  of  serious  concern,  while  the  much  smaller 
east-west  (E-W)  separation  assures  that  the  two  experiments 
were  exploring  a  nearly  common  ionospheric  volume. 

Scintillation  measurements  were  also  performed  with  a  host 
of  geostationary  satellites,  LES  8,  LES  9,  and  ATS  3,  not  only 


at  Ancon  but  at  Huancayo  (ll.97*S,  75.34°W)  as  well.  The 
intersections  of  the  propagation  paths  from  these  satellites  to 
the  two  ground  stations  with  an  ionospheric  height  of  400  km 
are  indicated  in  Figure  I.  The  subionospheric  locations  are 
specified  in  the  diagram  by  the  station  name  (A  for  Ancon  and 
H  for  Huancayo)  followed  by  the  abbreviated  name  of  the 
satellite.  The  ground  stations  at  Jicamarca,  Ancon,  and  Huan¬ 
cayo  performing  the  radar  and  scintillation  observations  are 
shown  by  the  dotted  circles.  Figure  I  also  shows  the  sub- 
ionospheric  (4(X)  km )  tracks  of  the  orbiting  Wideband  satellite 
as  viewed  from  Ancon  and  Huancayo  on  March  19-20.  The 
Ancon  station  was  equipped  with  coherent  phase-locked  loop 
receivers  and  recorded  both  phase  and  amplitude  scintillations 
at  VHF  (138  MHz),  seven  closely  spaced  frequencies  at  UHF 
centered  at  413  MHz.  and  L  band  (1239  MHz)  from  the 
Wideband  satellite  [Fremouw  el  al..  1978).  The  station  al 
Huancayo  recorded  only  the  amplitude  scintillations  of  the 
transmissions  at  138  and  413  MHz. 


Results 

In  Figure  2  we  show  the  results  of  simultaneous  SO-MHz 
radar  backscatier  observations  at  Jicamarca  and  137-MHz 
scintillation  measurements  al  Ancon  with  the  Goes  I  satellite 
made  on  March  19.  1977,  between  I9(X)  and  23(X)  LT.  The  lop 
panel  shows  a  radar  power  map  of  3-m  irregularities  indicating 
the  temporal  variation  of  their  range  and  intensity.  The  range 
scale  is  provided  by  the  ordinate  on  the  left-hand  side  of  the 
diagram,  while  the  tone  of  the  map  signifies  the  intensity  of  the 
backscattcred  echoes  in  the  range  of  6-48  dB  above  the  ap¬ 
proximate  maximum  incoherent  scatter  level.  A  complete  de¬ 
scription  of  the  digital  power  mapping  technique  has  been 
outlined  by  Woodman  and  La  Hoi  [1976].  The  bottom  panel 
shows  the  temporal  variation  of  scintillation  index  in  decibels, 
SI  (dB),  .scaled  manually  from  the  chart  records  at  2-min 
intervals  \  Whiiney  el  al.,  I%91. 
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The  lop  piinel  in  l  ii’tirc  2  shows  ihiil  the  rnilnr  sl.irleil  lo 
ileteel  wciik  irreiiuliirilies  in  Ihin  liiyers  lor  llie  lirsi  time  in  the 
evemn(!  nl  W'h  1  1  1  he  lirsi  pliiine  stnieliire  ileveloperl 

shortly  there, liter  iit  .ihoiil  l‘<?0  I  I  A  series  ol  plume  rlevelop- 
meiils  oeeiirred  up  m  2041)  I  I.  with  the  Inter  plumes  havin|!  a 
low  estent  in  uliiliide.  1  liter,  the  baeksealter  eehoes  arose  from 
progressisely  thinner  irregularity  layers.  Between  2110  and 
2210  I  T.  weak  patehy  hacksealtering  regions  above  a  weak 
and  thin  l.iyer  were  ob.served.  From  the  bottom  panel  we  find 
that  the  sharp  onset  of  strong  scintillalion.s  was  very  well 
malehcd  in  time  with  the  development  of  strong  J-m  irregular¬ 
ities  at  l  ')'0  I  T.  .Soon  after  onset,  scintillation  levels  as  high  as 
20  dB  were  encountered  It  is  interesting  to  note  that  although 
the  plume  structures  were  absent  after  2040  LT  and  the  J-m 
irregularitN  structures  were  thinning  out.  a  high  level  of  scintil- 
l.ition  was  maintained  up  to  2114  I  T.  it  is  .dso  dillieull  to 
associate  the  large  increase  of  scintillation  observed  after  21 14 
I  7  with  the  weak  and  patchy  J-m  irregularities  The  (irst 
scintillation  structure  ended  at  22.JO  I  T  when  the  radar  map 
was  totally  free  of  all  traces  of  J-m  irregulaiiltes  in  the  h 
region.  A  study  of  the  above  event  indicated  that  in  the  genera¬ 
tion  phase  during  the  late  evening  hours,  the  kilometer-  and 
meter-si/ed  irregularities  evolve  together  and  coexist  whereas 
in  the  later  phase,  approximately  an  hour  after  the  onset,  the 


meter-si/ed  irregularities  decay  but  the  large-scale  irregulari¬ 
ties  responsible  lor  scintillations  continue  to  retain  their  high 
spectral  intensities 

Another  distinctive  event  was  recorded  later  during  this 
night  and  is  illustrated  in  Figure  J.  From  the  bottom  panel  we 
sec  that  the  second  scintillation  event  of  the  evening  was 
detected  at  Ancon  on  its  propagation  path  to  the  Goes  I 
satellite  at  2.JOO  LT.  The  scintillation  event  was  rather  strong, 
attaining  levels  as  high  as  22  dB  at  I J7  MFI/.  and  decayed  at 
about  0100  I  T.  A  study  of  the  top  panel  indicates  that  only 
very  weak  J-m  irregularity  structures  were  detected  between 
2J(X)  and  0000  LT  and  none  at  all  between  IXX)0  and  0100  LT. 
It  appears  that  the  irregularity  .structures  detected  during  the 
late  nighttime  hours  had  little  spectral  power  at  short  scale 
lengths,  although  the  spectral  power  at  large  scale  lengths 
remained  high,  giving  rise  to  saturated  VHF  scintillations. 

In  order  to  investigate  if  the  irregularity  power  spectra  in  the 
scale  length  range  responsible  for  amplitude  fluctuations  have 
undergone  any  change,  we  obtained  the  power  spectra  of 
amplitude  scintillations  for  both  these  cases,  namely,  strong 
VHF  scintillations  in  the  presence  of  3-m  irregularities  as 
illustrated  in  Figure  4a  and  strong  scintillations  in  the  absence 
of  J-m  irregularities  shown  in  Figure  4A.  The  scin'iHation  data 
acquired  on  FM  analog  tapes  were  digitized  at  Ji/  samples/s. 


ANCON  GOES -I 
137  MHz 


I  If  2  Temptuul  vari^iiion  uf  riid«r  hiickxcaiiercO  power  obiuined  Jivaniiirca  and  scinuilaiion  index  SI,  in 

dcLihels.  of  I  .n.MH/  iransmi«!H4tnt  from  the  Ooe»  t  taicllite  recorded  at  Ancon  on  March  19.  1977.  during  |900>7.KK)  LT. 
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Fig.  3.  Comparison  of  radar  backscaticred  power  and  scinlillaliun  index  5/.  in  decibels,  as  in  Figure  2.  on  March  19-20. 
1977.  during  2.300-0200  LT  Nole  that  weak  and  patchy  3-ni  irregularities  shown  in  the  lop  panel  are  associated  with  intense 
scintillation  activity  in  the  hollom  panel. 


and  the  spectra  for  7.5-niin  data  samples  were  obtained  by  the 
use  or  a  fast  Fourier  transform  algorithm.  The  structure  ob¬ 
tained  around  3  Hz  was  generated  by  u  subharmonic  of  the 
satellite  spin  and  the  multilobed  satellite  antenna  pattern. 
Considering  that  the  95%  confidence  interval  of  power  esti¬ 
mate  is  approximately  6  dB.  the  average  high-frequency  (v) 
slopes  of  the  power  spectra  in  Figures  Aa  and  4b  are  very  close 
to  V  *.  The  difTraction  scale  length  (A )  on  the  ground  is  related 
to  the  frequency  scales  (v)  in  Figures  4a  and  4b  by  the  drift 
speed  (v)  of  the  irregularities  as  A  •  {v/n). 

However,  the  values  of  the  S,  index  of  scintillation  corre¬ 
sponding  to  Figures  4o  and  4b  were  0.83  and  0.73.  respectively, 
so  that  both  the  spectra  pertained  to  strong  scatter  conditions. 
Under  such  conditions,  it  is  not  possible  to  relate  the  dilTruc- 
tion  scale  lengths  on  the  ground  to  irregularity  scale  lengths  in 
the  ionosphere  in  a  precise  manner  (Keb  el  a!..  1975).  Thus 
even  though  drift  speed  measurements  are  available  from 
spaced  receiver  scintillation  observations  performed  at  the 


nearby  ground  station  at  Ancon  \Whiines'.  I978J.  it  is  not 
pos.sihlc  to  derive  the  irregularity  characteristics  from  the  scin¬ 
tillation  spectra.  The  similarity  in  the  spectral  forms  in  Figures 
4a  and  4b  can  only  indicate  in  general  terms  that  no  drastic 
variation  of  irregularity  power  spectra  occurred  in  the  scale 
length  range  ('  I  km  to  100  m)  which  is  responsible  for  VHF 
scintillations. 

It  is  interesting  to  note  that  while  the  second  scintillation 
event  (cf.  Figure  3)  at  VHF  was  being  recorded  at  Ancon  on 
the  propagation  path  to  the  Goes  I  satellite,  a  transit  of  the 
Wideband  satellite  occurred.  The  subionospheric  tracks  ol 
the  satellite  as  viewed  from  Ancon  and  Huancayo  have  been 
illustrated  in  Figure  I  and  designated  as  A(DNA)  and 
H(I)NA).  respectively.  We  shall  primarily  discuss  A(DNA) 
results  acquired  with  the  SRI  International  receiver  providing 
both  phase  and  amplitude  scintillation  data  over  a  wide  range 
of  frequencies.  Scintillations  both  in  amplitude  and  in  phase 
were  recorded  throughout  the  transit,  but  we  shall  concentrate 
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our  allention  to  the  interval  between  0427  UT  (corresponding  the  above  scintillation  event,  only  weak  (<  12  dB)  and  very 
to  73°  W.  time  of  2327  LT)  and  0428  UT.  labeled  on  the  track,  fragmentary  signatures  of  the  backscatter  echoes  could  be 
Careful  magnetic  held  line  mapping  indicated  that  at  0427  5  recorded. 

UT  the  4(X)-km  subionospheric  location  of  the  A(DNA)  inter-  Woodman  and  Basu  have  recently  made  a  quantitative 
sected  the  held  line  passing  over  Jicamarca.  In  Kigure  5,  we  comparison  or360-MHz  scintillation  and  50-MHz  radar  back- 
illustrate  the  amplitude  scintillation  index  5<  and  rms  phase  scatter  measurements  at  Jicamarca.  They  postulated  a  Gaus- 
fluctualion  at  the  observing  frequencies  during  a  20-s  sian  type  of  cutoff  near  the  ion  gyroradius  which  is  of  the  order 
interval  beginning  0427.5  UT.  The  inverse  frequency  (/)  de-  of  3  m  at  F  region  heights  to  bring  scintillation  and  backscatter 
pendcnce  of  expected  theoretically,  is  indicated  by  the  measurement  into  agreement.  They  showed  that  an  S,  index  of 
solid  line  passing  through  the  data  point  corresponding  to4l3  0.4  at  360  MHz  may  correspond  to  the  observed  40-dB  radar 
MHz,  the  UHF  carrier  frequency.  For  a  three-dimensional  backscatter  from  an  irregularity  Iayerofathicknessor200km. 
irregularity  power  spectrum  of  power  law  exponent  4.  the  Similar  computations  made  in  the  present  case  under  study 
amplitude  scintillation  index  S,  is  expected  to  show  / “  de-  indicate  that  S,  =  0.18  at  413  MHz  should  have  been  accom- 
pendence  [/fu/enncA.  1974)  under  weak  scatter  conditions.  This  panied  by  at  least  26-dB  radar  backscatter  from  a  similarly 
is  indicated  by  the  dotted  line.  The  data  points  agree  well  with  extended  irregularity  layer,  in  contrast  to  the  observed  12-dB 
the  theoretical  curves  except  for  the  S,  data  point  at  VHF  backscatter  from  fragmentary  patches.  This  result  implies  that 
which  obviously  violates  weak  scatter  conditions.  It  should  be  the  irregularity  structures  observed  near  midnight  are  charac- 
noted  that  even  significant  1.  band  scintillation  was  recorded  at  terized  by  a  spectral  culolT  at  wavelengths  longer  than  the  ion 
this  time  while  in  the  VHF  band  an  S,  index  of  0.78  was  gyroradius.  probably  in  the  vicinity  of  tens  of  meters, 
obtained,  h'remouw  e!  ai  [  1978)  have  noted  that  in  the  L  band  In  Figure  6  we  illustrate  the  results  of  all  scintillation  mea- 
St  i  0.02  may  be  considered  significant  for  these  Wideband  surements  made  on  this  night  at  the  two  ground  stations, 
measurements.  It  may  be  observed  from  Figure  3  that  during  Ancon  and  Huancayo.  with  various  geostationary  satellites. 


itf  4a  Power  spectrum  of  1.37- MHz  scintillations  (5,  -  O.tti)  recorded  at  Ancon  by  the  use  of  Goes  I  transmissions 
between  0200  and  0207.5  UT  on  March  20.  1977  (2100-2107.. s  LT  on  March  19, 1977t.  The  power  spectrum  corresponds  to 
the  period  when  intense  SO-MHz  radar  backscatter  was  obtained. 
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Kig  4b  As  in  higurv  Ao  for  »h«  period  041 1-04IH.5  UT  on  March  20.  IM77  (231 1-23IH  5  LT  on  March  IMK  when  5«  * 
0  73  was  recorded  I  he  period  of  scinullauon  corresponds  lo  weak  and  palch)  S>-MM/  radar  hackscaUcred  power. 
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Kig.  5.  i  rcqucncy  dependence  of  rmx  phaw  4rm»  i<nd  St  index  of 
Widehand  Mielliie  daia  recorded  ai  Ancon  on  March  14.  1477.  he* 
tween  2327  3  and  2327.g  UT 
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The  punels  from  lop  to  boiiom  in  Figure  6  are  arranged  in  the 
order  of  decreasing  wesi  longitude  of  the  subionospheric  po.si- 
tion  of  .scintillaiion  mcasuremenis.  From  Figure  I  it  may  be 
noted  that  subionospheric  locations  of  these  measurements 
spanned  a  longitude  interval  of  nearly  12°  near  the  magnetic 
equator.  The  initial  gap  in  the  results  shown  in  panel  I  was 
caused  by  an  interruption  of  beacon  transmission  from  the 
LES  X  satellite.  The  remaining  panels  (2-7)  indicate  that  the 
onset  or  scintillations  at  dilTerenl  locations  occurred  between 
OtXX)  and  OIIX)  UT.  Considering  the  diirerent  longitudes  of  all 
these  subionospheric  locations,  the  onset  of  .scintillations  is 
found  to  have  occurred  within  4  min  of  1940  LT.  The  local 
time  dependence  of  scintillation  onset  on  this  night  should  not, 
however,  be  taken  as  a  general  rule,  since  we  have  observed 
cases  when  the  irregularity  generation  has  been  localized  in 
space  rather  than  in  local  time  (j4aiions  ri  a!..  1978).  In  view  of 
the  consistent  ciistward  drift  speed  of  irregularity  patches  at 
night,  the  icmporal  variation  of  .scintillation  at  an  equatorial 
station  is  dictated  by  the  localized  generation,  in  space  or  time, 
the  eastward  drill  of  irregularity  patches,  and  the  lifetime  of 
these  drifting  patches.  The  successive  panels  of  Figure  6  have 
lo  he  viewed  in  this  context. 
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K(|I.  ft  I  ctnporal  variation  ol  vvmlillalion  index  57,  in  decibels, 
rcciirded  at  Ancon  and  Muaneayii  on  March  19-20,  1977,  by  the  use  of 
Iranvmisxioni  from  various  (eostationary  satellites  The  panels  are 
arranged  in  order  of  decreasing  west  longitude  of  ionospheric  inter¬ 
section  points  of  the  various  ray  paths  as  shown  in  Kigure  I. 


DiSt  t  SSKINS 

We  have  provided  evidence  for  the  existence  of  at  leas!  two 
phases  of  irregularity  evolution  in  the  equatorial  region.  In 
the  development  phase  during  the  postsunset  hours,  irregulari¬ 


ties  covering  the  scale  length  range  of  tens  of  kilometers  to  3  m 
evolve  simultaneously.  Near-saturated  VHK-UHI  scintilla¬ 
tions  arc  observed  in  this  phase  vs  hen  strung  radar  hackscattcr 
is  detected  from  an  extended  altitude  range  The  recently  com¬ 
piled  statistics  of  /.  hand  ( I  . 34  OH/)  scintillations  observed  at 
Huancayo  also  indicate  that  the  occurrence  maximum  of  gi¬ 
gahertz  scintillations  is  obtained  in  this  development  phase 
{Mullen  el  al .  197X1.  The  evolution  of  such  thick  irregularity 
layers  takes  place  within  tens  of  minutes  The  generation  of 
irregularities  covering  3-4  decades  of  scale  lengths  has  been 
explained  by  invoking  a  hierarchy  of  instability  mechanisms 
starting  at  the  lung  wavelength  end  with  the  gravitational 
Rayleigh-Taylor  instability  [Haerendei  1974;  Hudson  and  Ken¬ 
nel.  \91S:  Cosla  and  Kelley,  1 97Xfl, />).  The  generation  of  irreg¬ 
ularity  patches  extended  both  in  altitude  and  in  K-W  direction 
has  recently  been  explained  by  Kelley  and  Oil  ( I97K)  by  adopt¬ 
ing  the  theoretical  analysis  of  a  rising  ionospheric  bubble 
presented  by  On  [1 978).  Motivated  by  the  sudden  ‘bite  outs’  of 
plasma  density  observed  by  in  situ  measurements  [Kelley  el  al., 
1976;  Morse  el  al .  1977;  Hanson  and  Sanatani,  1973;  McClure 
el  al .  1977).  On  [1978]  used  a  sharp  boundary  model  and 
showed  that  the  basic  equations  applicable  to  the  rising  bubble 
are  identical  with  those  governing  the  behavior  of  a  two- 
dimensional  fluid.  Using  these  results,  Kelley  and  On  [1978] 
showed  that  upwelling  plasma  depleted  regions  or  bubbles 
continually  stir  the  medium  and  not  only  fill  the  wake  with 
density  irregularities  in  the  presence  of  density  gradients  but 
also  the  regions  (in  the  E-W  direction)  between  the  bubbles 
through  a  cascading  process. 

Following  the  development  phase,  the  meter-scale  irregular¬ 
ities  are  observed  to  decay,  while  significant  kilometer-scale 
structures  persist  and  continue  to  produce  strong  scintillations 
at  VHF.  Kelley  and  On  [1978)  have  shown  that  in  the  late 
phase  the  dissipation  scale  moves  to  smaller  k  values  so  that 
the  smallest-scale  structures  disappear  first. 

The  irregularity  structures  that  cause  scintillations  around 
local  midnight  are  conspicuous  by  the  absence  of  any  signif¬ 
icant  spectral  power  at  3-m  scale  lengths.  However,  suflicient 
spectral  power  is  available  at  lung  scale  lengths  to  cause  nut 
only  strong  VHF/UHF  scintillations  but  L  band  scintillations 
as  well.  It  is  of  some  interest  to  note  that  6300-A  airglow  meas¬ 
urements  made  on  board  the  aircraft  flown  by  the  Air  Force 
Geophysics  Laboratory  indicated  the  presence  of  regions  with- 
depleted  ionization  near  Jicamarca  corresponding  to  both  the 
early  evening  and  the  near-midnight  scintillation  events 
(J  Buchau,  private  communication,  1978).  Thus  it  is  possible 
to  detect  ionization  depletions  and  strong  scintillations  in  the 
absence  of  extended  3-m  irregularity  structures  or  'plumes.'  A 
similar  irregularity  structure  was  detected  on  March  30.  1977, 
al  2314  LT  (75°W  time),  which  caused  scintillation  as  high 
as  7  dB  (S,  =  0.36)  at  L  band  and  1  dB  (5,  =  0.07)  at  S  band 
and  yet  failed  to  give  rise  to  any  appreciable  VHF  radar  back- 
scatter  It  is  important  to  note  that  even  after  considering  the 
sharp  cutolV  near  the  ion  gyroradius  proposed  by  Woodman 
and Ba.su  \  1978)  the  above  scintillation  levels  are  expected  to  be 
assvicialed  with  a  relatively  thick  layer  of  moderately  strong 
3-m  irregularities.  Thus  it  seems  that  the  irregularity  structures 
which  exist  near  midnight  are  characterized  by  a  spectral  cut- 
oH  in  the  vicinity  of  lens  of  meters. 

The  nature  of  the  irregularity  spectrum  at  short  scale  lengths 
needs  much  further  study.  It  will  be  worthwhile  to  make 
observations  of  gigahertz  scintillations  in  close  proximity  to 
Jicamarca  to  determine  the  relationship  of  irregularity  scale 
lengths  of  ^  100  m  with  the  3-m  scale  length  during  the  various 
phases  of  irregularity  evolution.  In  addition,  rocket  measure- 
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ments  of  the  fully  developeif  topside  irregularity  spcciruni 
would  be  extremely  useful  in  bridging  the  gap  between  the 
above  scale  length  regimes. 
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Our  understanding  ol  iransionospheric  radio  wave  propagation  prohlems  associated  with  irregulari¬ 
ties  in  the  nighttime  equatorial  /-'  region  has  grown  enormously  in  the  past  few  years.  rhi.s  has 
been  achieved  by  making  ctuirdinated  phase  and  amplitude  scintillations  from  a  host  of  geostationary 
and  orbiting  satellites  and  multitechnique  irregularity  measurements.  The  varieiy  of  supporting 
measurements  include  radar  backscatter.  in  situ  irregularity  observations  by  rockets  and  satellites, 
and  airglow  and  lonosonde  observations  ab<iard  aircraft.  Because  of  the  great  volume  of  work 
in  this  field  the  scope  of  the  present  review  is  limited  to  a  description  of  these  recent  coordinated 
observations  and  a  discussion  of  the  relevant  theories  of  irregularity  generation  An  attempt  is 
then  made  to  explain  some  aspects  of  equatorial  sciniillaltons  on  the  basis  of  these  new  theoretical 
developments 


1  INTRODUCTION 

Four  decades  after  (he  discovery  of  (he  phenom¬ 
enon  called  'equa(orial  spread  h"  [Booker  and 
Welts.  I'(38|.  (he  general  problem  of  nighrdme 
equa(oiial  /'  region  irregularides  condnues  (o  be 
a  fascinadng  one  (o  (heoredcal  and  cxperimen(al 
geophysici.s(s.  This  problem  is  also  one  of  serious 
concern  (o  communica(ions  engineers,  as  i(  is  well 
known  (ha(  (hese  irregularides  cau.se  amplUude 
scindlladon  which  can  degrade  (he  performance  of 
sa(elli(e  communjca(ion  links.  More  recendy.  i(  has 
become  clear  (hu(  na(urally  occurring  phase  scin¬ 
dlladon  can  impair  (he  performance  of  sa(eUi(e 
sys(ems  (hai  use  syn(he(ic  aper(ure  processing  (o 
achieve  high  angular  resoludon 

In  our  firsi  review  of  this  suhjec(,  presen(ed  a( 
(he  Fif(h  In(erna(ioiial  Symposium  of  Equa(orial 
Aeronomy  in  Aiigus(  1*176  and  recendy  published 
[Hasu  and  KeiUs .  Id??),  we  concluded  (ha(  large- 
scale  conveedve  upwelling  of  (he  equa(orial  plasma 
was  csponsible  for  (he  mosl  in(ense  scindlladon. 
I'.vidcnce  for  (his  upwelling  process,  which  carries 
regions  of  low  plasma  densKy  'bubbles'  in(o  (he 
high-dc'nsi(y  (opside  region,  has  come  from  rocker 

t  .'I*  VI  If  hi  I'l  f'l  bv  (Id  Aihcmc  .»ii  *  ■*  "I'liv  'I*  al  I  '»»••(» 


experimenrs  I /fe/Zi';’ t7  «/..  {'ilk.  Morse  et  ai.  1977] 
from  radar  s(udies  [Woodman  and  LaHoz.  1976). 
and  in  a  rarher  definirive  manner  from  safellire 
measurements  [McClure  ei  al..  1977).  One  example 
of  such  (opside  ‘holes’  or  ‘bubbles’  ob.served  wi(h 
(he  AF.-(‘  sa(elli(c  is  .shown  in  Figure  I.  The  ion 
drif(  meter  data  show  that  the  plasma  inside  the 
bubbles  was  moving  upward  and  to  the  west  in 
the  plasma  rest  frame. 

The  connection  between  intense  scintillations  and 
the  bubble  phenomena  po.stulated  by  Ba.su  and 
KeUey  )  1977)  was.  however,  based  on  inference 
rather  than  direct  simultaneous  measurement.  For 
example.  Co.sla  and  KeUey  (1976)  calculated  the 
scindlladon  effects  of  pure  bottomside  equatorial 
spread  F.  They  used  the  plasma  density  profiles 
.shown  in  Figure  2  obtained  by  a  sounding  rocket 
and  concluded  that  only  modest  scintillation  would 
result  al  VHF  frequencies,  with  negligible  effect 
at  gigahertz,  frequencies.  On  the  other  hand,  using 
topside  in  situ  irregularity  data  from  Ogo  6  shown 
in  Figure  .1.  Ba.su  and  Ba.su  (1976)  showed  that 
saturated  VMF  scintillation  and  moderate  gigahertz 
scintillation  can  be  explained  on  the  basis  of  large 
amplitude  irregularities  with  large  outer  scales  in 
an  environment  of  high  electron  density  [McClure 
and  Hanson.  197.1)  which  are  distributed  in  thick 
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t'lg.  I  Ion  drift  meter  dulii  from  Al:-<'  orhn  22K2  Ihc- 
observed  pitch  end  yew  angleN  ere  shown  in  the  upper  and 
lower  curves  of  the  top  panel,  end  the  total  density  on  the 
bottom  Positive  angles  correspond  to  ions  moving  up  or  left 
with  respect  to  the  spacecraft  (after  McClure  ei  at..  t977|. 

layers  [Baxu  et  al.,  I977| .  An  alternate  explanation 
has  been  offered  by  Booker  1 19751.  who  pointed 
out  that  low-level  irregularities  threading  the  plas- 
masphere  could  also  create  the  equatorial  scintilla¬ 
tions. 

Since  that  review,  significant  new  information 
on  scintillations  has  been  obtained  via  dedicated 
experiments  aimed  at  testing  these  hypotheses  and 
relating  the  scintillation  measurements  to  simulta¬ 
neous  multilechnique  probing  of  equatorial  irregu¬ 
larities.  These  results  are  summarized  in  (he  next 
section,  which  is  followed  by  a  discussion  in  section 
3  of  recent  theoretical  studies  of  equatorial  irregu¬ 
larities  and  (heir  relationship  to  scintillations.  In 
the  concluding  section  we  attempt  to  synthesize 
theory  and  observation. 


2  KWI-.Nt  l-.OtMTOKIAt.  .SCINTll.l.ATION 
()BSI  RVATIONS 

In  (his  section  we  shall  present  two  major  experi¬ 
mental  efforts  undertaken  by  various  groups  to 
study  the  nature  of  equatorial  .scintillations  and  their 
relation.ship  to  other  observable  irregularity  param¬ 
eters.  The  first  is  a  joint  campaign  conducted  by 
the  Air  Force  Ceophysics  Laboratory  (AI  OL).  the 
Institulo (ieophysico  del  Peru(ICiP).  the  University 
ofTexasal  Dallas  (UTD).  and  the  SRI  International 
(SRII)  near  the  magnetic  equator  in  Peru.  The 
second  is  the  DNA  Wideband  satellite  experiment 
conducted  by  SRII  al  two  equatorial  stations,  which 
has  provided  (he  first  comprehensive  measurements 
of  phase  scintillations. 

?  '  Join!  equatorial  irregularily  carrtpui^nx  in 
Peru.  An  intensive  study  of  nighttime  electron 
density  irregularities  in  the  equatorial  ionosphere 
was  performed  in  October  1976  and  March  1977 
by  conducting  simultaneous  radar  and  scintillation 
mea.surements  near  the  magnetic  dip  equator  in 
Peru.  The  50-MH/,  radar  observations  were  made 
at  Jicamarca.  and  scintillation  measurements  were 
performed  at  the  nearby  ground  stations  of  Ancon 
and  Huancayo  by  receiving  VHP  transmissions 
from  geostationary  and  orbiting  satellites.  In  addi¬ 
tion,  the  AFGL  aircraft  was  employed  to  make 
on-board  scintillation,  ionosonde,  and  airglow  mea¬ 
surements  to  provide  spatial  configuration  of  ir¬ 
regularity  patches  as  well  as  to  determine  the 
existence  of  density  depletions  indicated  by  in  situ 
measurements.  Simultaneous  in  situ  electron  den- 
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1  9'  ^  (liHi  ii  oihii  showing  cquAional  eltfilron  licnsiii  and 
rni2  ainr*oiidc  ol  ionospheric  irregularidcs  in  Ihc  l.cgiin  <«hana. 
longitude  sector  during  a  strong  VIII-'  scintillation  event  The 
scintillation  model  parameters  are  also  indicated  latter  Ha\u 
and  Ho\u.  19761 


Miy  iliK.i,  similat  (t>  those  shown  in  Figure  1,  were 
ohtaineil  Irom  the  AF-F  satellite  The  multistation 
scinlill.ilion  incasureinenls  were  used  lo  study  the 
loeali/ed  origin  ol  large-scale  iriegiilarilv  palehcs 
Iheir  drill  speed  spatitil  extent,  tiiid  lilelime  oa  Ihc 
ec)ualoi  t;il  ionosphere  I  hc  siimillaneous  raciar  and 
s.etMillalion  ohservalions  also  provided  inlurmalion 
on  the  relationship  between  the  meter-  and  kilonie- 
ler-si/ed  irregularities  giving  rise  to  the  radar  back 
scatter  and  VMT-UMF  scintillations,  respectively. 
Much  new  inlormalion  became  available  as  a  result 
of  this  mapir  eflorl,  and  many  publications  and 
pre.senlalions  have  been  made  based  on  these  corre¬ 
lated  data  sets  These  are  suminari/ed  below  with 
speei'ic  relerences 

I .  I  here  is  great  variability  of  irregularity  occur¬ 
rence  from  one  night  lo  another.  On  certain  nights, 
such  as  on  October  *16  17,  I d76,  a  single  irregularity 
patch  evolved  al  a  particular  location  and  then 
drifted  eastward  for  a  period  dictated  by  its  lifetime, 
as  discussed  by  Aamnx  el  al.  |I97>I).  On  some 


other  nights,  a  series  of  irregularity  patches  with 
a  large-scale  quasi-periodicity  wasoKserved.  A  good 
example  of  such  a  configuration  was  obtained  on 
October  Id  2(1.  as  shown  in  Figure  4,  taken  from 
the  detailed  report  on  the  October  campaign  done 
by  Ha.xu  and  .Aaruns  [I977|.  Figure  5.  al.so  taken 
from  the  report,  shows  the  respective  positions  for 
the  observations.  The  important  point  to  note  from 
the  radar  map  is  that  a  relatively  thin  layer  of 
boltomside  irregularities  appeared  at  1950  LT, 
which  by  2015  developed  into  a  plume  structure 
extending  several  hundred  kilometers  into  the  top¬ 
side.  A  .second  plume  developed  at  2140  LT.  The 
drifting  plume  structures  cau.sed  severe  scintilla¬ 
tions  (->20  dB)  at  the  ground  stations,  with  periods 
of  4-  to  6-dB  scintillation  caused  by  the  bottomside 
structures  observed  in  between  the  plumes.  It  is 
interesting  to  note  that  HF  forward  scatter  experi¬ 
ments  in  the  equatorial  region  had  earlier  obtained 
evidence  of  irregularity  patches  existing  in  quasi- 
periodic  patterns  \Ri>iif^er.  1976).  On  yet  other 
nights.  Ihere  were  no  irregularities  within  the  900-km 
east-west  coverage  provided  by  the  Jicamarca  radar 
and  various  satellites. 

2.  Although  the  irregularity  patches  occur  after 
local  sunset,  these  are  found  to  evolve  either  to 
the  west  or  to  the  east  of  any  specific  station, 
signifying  that  local  conditions  and  not  just  local 
lime  dictate  the  generation  of  irregularities  [fla.ru 
and  Aarons.  1977). 

3.  The  large-scale  irregularity  patches  are  found 
to  consistently  drift  eastward  between  I9(X)  and 
24(K)  LT,  with  a  speed  ranging  between  90  and  140 
m/s  If  the  temptiral  variation  of  scintillation  is 
combined  with  the  drift  speed,  the  east-west  dimen¬ 
sions  of  the  patches  arc  found  lo  range  typically 
between  2(K)  and  400  km,  although  .some  are  larger 
l^a.vu  and  Aarons.  1977) , 

4.  Another  important  aspect  of  the  campaign  was 
the  determination  of  the  relationship  between  the 
relatively  large  scale  irregularities  that  cause  scin¬ 
tillation  (  I  km  to  100  m)  and  the  small-scale 
irregularities  that  cause  50-MHz  backscatter  (3  m). 
Woodman  and  Basil  )  I97g) ,  using  the  simultaneous 
backscatter  and  scintillation  data  obtained  from  a 
nearly  common  ionospheric  volume,  found  that  both 
the.se  types  coexisted  in  the  developing  phase  of 
the  irregularities.  However,  they  also  showed  that 
if  the  commonly  accepted  k  '  power  law  irregularity 
spectrum  \Dyson  el  al..  1974)  was  extended  lo  the 
Jicamarca  back.scatter  wave  number,  a  discrepancy 


22 


474 


BASU  AND  KELLtY 


LOCAL  TIMC 


Eig.  4.  Temporal  variation  of  (he  SO>MMz  radar  hacksoatter  observed  at  Jicamarca  and  scinlillaiion  index. 
Sl(dB),  of  the  249-MM7  transmissions  from  (he  Les  9  sateiitte  recorded  at  Ancon  and  Huancayo  on  October 
19-20,  1976  [after  Basu  and  Aaronx.  1977). 
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Fig.  5.  The  geometry  of  radar  backscatter  and  scintillation  measurements  during  (he  AFGL  equatorial 
campaign  in  October  1976  The  ground  locations  for  various  observatories  and  subioni>spheric  <4(10  km) 
locations  for  Les  9  are  shown  (after  Basu  and  Aaronx,  1977) 
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ol  4(1  ilK  vvttuM  he  round  icLilivc  lo  the  observed 
baekse.iller  eeho  slrenuth  lo  bring  compulations 
and  observalions  into  agreeinenl.  (hey  poslulaied 
a  (iaussian  type  ol  eulolT  near  ihe  () '  ion  gyroradius 
which  IS  on  the  order  ol  t  m  in  ihe  topside  iono¬ 
sphere  Such  a  cutoll  could  be  considered  to  be 
the  ‘inner  scale'  of  turbulence.  Ihis  point  is  dis¬ 
cussed  lurther  in  the  next  section.  Hooker  and 
l'cr)<u  \iin  1 19781  have  also  postulated  an  inner  scale 
near  the  ionic  gyroradius  to  explain  sjiread  /■' signa¬ 
tures  on  equatorial  lonograms  in  ihc  III'  hand. 

.'\s  a  result  of  lurther  co  located  scintillation  and 
ladai  obser\  alionsduring  the  March  1977  campaign. 
Hii\ti  il  <//.  ||97.Su|  have  come  lo  the  conclusion 
that  kilometer  and  meter  scales  coexist  only  during 
the  developing  phase  in  the  early  evening  hours. 
I'igiire  (i,  obtained  by  combining  two  diagrams 
presented  by  Ha.su  el  al  1 1978/)  | .  shows  co-located 
scintillation  and  backscatter  measurements  made 
on  M.ircli  19  2(1,  1977  The  sharp  onset  of  strong 
scintillations  at  1.77  MH/  is  well  correlated  with 
Ihe  development  of  strong  t  in  irregularities  at  1950 
I  f  However,  strong  scintillations  continue  beyond 
2040  1.1  when  .Tin  irregularities  are  found  lodecay. 
Hv  the  use  of  iiiullisalellite  observalions  these 
authors  have  also  established  (hat  (he  second  scin¬ 
tillation  struciure  beginning  at  2.7(K)  l.T  was  caused 
bv  a  drilling  irregularity  patch.  This  struciure  was 


associated  with  (he  significant  /.-band  scintillations 
of  the  Wideband  satellite  signal  but  negligible  .7-m 
backscatter.  These  findings  lead  Basuet  at.  |  I978/)J 
lo  speculate  that  at  later  local  times  the  cutoff  scale 
length  is  probably  of  the  order  of  few  tens  of  meters. 

5.  The  AFOL  aircraft  scintillation  observalions 
have  helped  separate  the  spatial  and  temporal  be¬ 
havior  of  irregularities,  while  the  on-board  iono- 
sonde  and  optical  imaging  systems  have  found 
evidence  of  electron  density  depletions  in  the  hot- 
tomside  /'region.  Figure  7.  using  data  kindly  made 
available  by  J.  Buchau.  shows  Ihe  locus  of  Ihe 
subionospheric  point  as  the  aircraft  Hew  between 
ground  stations  on  October  19  20.  1976.  The  thin 
lines  signify  the  absence  of  scintillations,  while  the 
thici  lines  .signify  their  pre.sence.  The  top  panel 
shows  that  during  2247  UT  (October  19)  to  0015 
UT (October  20),  when  the  ground  stations  at  Ancon 
and  Huancayo  did  not  record  any  scintillations,  as 
may  be  observed  from  Figure  4.  the  aircraft  did 
not  detect  any  irregularities  in  the  entire  latitude 
range  of  11“  l.7°S  and  longitude  interval  of  72“ 
75"W  The  bottom  panel  shows  that  from  (XJI5  UT 
onward  the  aircraft  detected  three  irregularity 
patches  with  distinct  boundaries,  indicating  spatially 
localized  irregularity  generation  after  UT  midnight 
(i.e..  19(K)  LT).  The  imaging  system  provided  all-sky 
pictures  of  Ihe  63(X)-A  Ol  airglow  emission,  which 
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I  ip  6  Icmpofdl  v^n.iCitin  i»/  MJ-MH/  radar  pifwei  obtained  at  Jicamarca  and  scintillation 

rule\.  Si(dH).  tp(  transmissions  frtim  the  (iocs  I  satellite  recorded  at  Ancon  on  March  19-20, 

I  Bi»ih  sets  ol  data  relcr  to  a  nearly  common  ionospheric  volume  {arier  Busu  n  at . 
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Fif.  7.  Subionospheric  flight  path  of  the  AH*I.  aircraft  making  24V-MM7.  scintillation  observations  with 
Les  9  on  October  19-20.  1976.  Thin  and  thick  lines  indicate  the  ab.sence  or  presence  of  scintillation.s.  respectively 
(after  Basu  and  Aarons.  1977] . 


results  from  dissociative  recombination  of  O^'  in 
the  f  region.  Initial  observations  show  the  existence 
of  north-south  aligned  regions  of  airglow  depletion 
[  IVeber  el  at.,  1978] .  An  isolated  airglow  depletion 
band  observed  on  March  17,  1977,  is  modeled  in 
Figure  8  as  a  troughlike  bottomside  electron  density 
depletion,  which  explains  the  observed  airglow  and 
ionosonde  features.  Further  details  regarding  the 
association  of  the  airglow  depletion  with  scintilla¬ 
tions  and  3-m  backscatter  are  provided  by  Ruchau 
el  al.  1 1978).  It  is  important  to  note,  however, 
that  not  all  airglow  depletions  are  associated  with 
plumes  on  backscatter  maps  [Basu  ei  al..  l978/>]. 

6.  The  scintillation  data  obtained  from  the  various 
ground  stations  (in  particular,  spaced  receiver  mea¬ 
surements  made  at  Ancon)  and  the  data  obtained 
from  the  AFGL  aircraft  as  well  as  the  Air  Force 
Avionics  Laboratory  (AFAL)  aircraft  have  been 


Fig.  K.  Model  of  un  eastward  drifting  boilomsidc  depletion 
ba»ed  on  observed  it>nosonde  and  airglow  parameters  The 
measured  ranges  of  oblique  returns  and  the  virtual  height  of 
overhead  F  region  are  compared  with  range/ height  changes 
eapecled  from  the  passage  of  the  miidel  bikttomside  structure 
over  the  ionosonde  (after  Weher  el  al..  1978) 
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used  111  dcicrminc  whclhcr  diversiiy  techniques  can 
mitigate  the  elTccIs  ol'intense  amplitude  scintillation 
at  2*111  MM/  \  Whilncv  <’l  iil  .  I'I77|  In  particular. 
It  was  found  that  the  high  degree  of  decorrelation 
over  a  base  line  of  .166  m  associated  with  rapid 
severe  intensity  fluctuations  (.V,  I)  make  space 
diversity  techniques  uselul  |  ff'/iit/ier.  ld7S| 

As  far  as  radio  ciimmumcalors  are  concerned, 
this  mullilechnique  study  has  shiiwn  that  topside 
irregularities  have  an  enormous  efl'eci  on  iran.sion- 
ospheric  propagation.  These  irregularities  have  been 
called  'bubbles’  by  those  using  the  satellite  in  situ 
technique  \M<  i  lure  a  o!  .  I977|  and  ‘plumes'  by 
those  using  the  rad.ir  technique  |  Waodman  and 
l.allo-.  I'77(i|.  Rastoy.!  and  Hoodman  (I978|  have 
shown  that  this  radar  backscaitcr  is  associated  with 
range  spread  on  equatorial  ionograms.  These 
campaigns  have  provided  convincing  evidence  that 
saturated  VIII  and  moderate  gigahertz  scintillations 
are  associated  with  hubbies  and  plumes  in  the 
equatorial  region  Hasu  et  a!  (I978r/.  A|  have 
I'urther  established  that  the  .Tm  plumes  are  relatively 
short  lived  in  comparison  with  the  bubbles.  Thus 
large  sciniillaiion  effects  on  VHF-DHF  channels 
are  to  be  e.xpected  not  only  when  radar  plumes 
are  observed  hut  also  when  the  drifting  bubbles 
cross  the  ray  path  of  a  transionospheric  comniuni- 
caiion  ch.innel  On  the  other  hand,  there  are  nights 
during  which  moderate  VHI  .scintillation  activity 
IS  noted,  and  these  are  associated  with  only  weak 
bottomside  radar  activity  [Hasu  el  at  .  1977.  Basu 
and  Aaruns.  I977|  It  would  thus  be  highly  benefi¬ 
cial  to  ll'.e  user  community  if  a  system  could  be 
developed  lo  predict  the  occurrence  of  bubbles  on 
.1  parlit  iilai  eseniiig 

2  2  H  idehand  saiellile  iih\ervalion.\  The  Wide¬ 
band  satellite  was  launched  into  a  sun  synchronous, 
near-pol.ir  orbit  on  May  22,  I97<i,  carrying  a  mul- 
tilrequency  coherent  radio  beacon  on  board.  The 
mutually  coherent  signals,  which  range  from  VHF 
lo  .S'  band,  are  being  recorded  by  SRIl  at  ground 
stations  m  Poker  Flat,  Alaska,  and  two  equatorial 
stations,  namely.  Ancon.  Peru,  and  Kwajalcin  in 
the  Pacific  sector.  The  equatorial  station  at  Kwaja- 
lein  was  set  up  to  determine  longitudinal  differences 
in  equatorial  scintillation  first  pointed  out  by  Baxu 
el  al  |l976j  on  the  basis  of  in  situ  irregularity 
data.  We  shall  primarily  discuss  the  equatorial  data 
but  will  point  out  certain  basic  differences  with 
auroral  scintillation  structure  that  have  been  report¬ 
ed  by  the  SKII  group  The  following  information 


has  been  taken  from  Rina  el  al.  ( 1977)  and  Fremouw 
el  al.  11978] 

1  The  most  important  aspect  of  these  observa¬ 
tions  has  been  the  realization  that  ionospheric  radio 
wave  propagation  is  dominated  by  large  slowly 
varying  pha.se  scintillations.  These  can  be  large  even 
in  the  absence  of  significant  amplitude  scintillations. 
The  latter  statement  is  particularly  true  for  the 
auroral  zone.  Indeed,  the  measurement  of  simulta¬ 
neous  phase  and  amplitude  .scintillation  has  shown 
that  computations  of  pha.se  deviation  ba.sed  on  the 
weak  scatter  theory  using  the  observed  amplitude 
scintillation  would  grossly  underestimate  the  actual 
phase  scintillation  level.  On  the  basis  of  these 
observations  the  SRIl  group  has  developed  a  multi¬ 
plicative  two-component  model  to  characterize  the 
joint  first-order  statistics  of  amplitude  and  phase. 
This  model  is  di.scus.sed  in  detail  by  Fremouw  ei 
al.  (1976).  Briefly,  the  idea  is  to  separate  two 
components  of  the  total  (complex)  scintillating  sig¬ 
nal  by  filtering.  Because  of  the  power  law  nature 
of  the  irregularity  spectrum  the  low-frequency  cut- 
olf  had  lo  he  somewhat  arbitrarily  defined.  Thus 
by  using  a  double  detrending  process  it  was  possible 
to  separate  a  'focus'  component  having  fluctuations 
with  periods  between  2.5  and  10  s  and  a  'scatter' 
component  having  fluctuation  periods  smaller  than 
2.5  s.  The  focus  component  gives  rise  to  the  large 
.slow  phase  fluctuations,  while  the  scatter  compo¬ 
nent  cau.ses  the  fast  intensity  fluctuations.  Figure 
9,  taken  from  Fremouw  et  al  [1978) .  contains  VHF 
data  sets  showing  these  two  components  obtained 
from  each  of  the  three  latitudinal  regions  where 
SRIl  had  ground  stations  (initially  the  Wideband 
observations  were  started  al  Stanford,  the  equip¬ 
ment  being  moved  to  Kwajalcin  in  October  1976). 
It  is  interesting  to  note  that  for  the  same  value 
of  the  .V.,  index  (a  measure  of  the  scatter  component) 
the  standard  deviation  of  phase  (a  measure  of  the 
focus  component)  varies  substantially  at  different 
locations,  being  the  smallest  at  the  equator.  This 
has  been  found  to  be  a  consistent  feature  [Fremouw. 
1977]  and  may  be  of  importance  for  irregularity 
generation  mechanisms,  although  the  detrend  inter¬ 
val  and  effective  scan  velocity  of  the  satellite  may 
also  affect  this  ratio.  Whimey  and  Ba.su  [I977| 
have  reported  earlier  a  difference  in  the  slope  of 
the  intensity  spectrum  between  an  equatorial  and 
an  auroral  .station. 

For  communications  purposes  it  is  important  to 
characterize  the  statistics  of  signal  fluctuations. 
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Fig.  9  Scalier  diagramn  un  the  complex  plane  for  llefi)  Ihc 
focus  component  and  (right)  the  scatter  component  isolated  Irom 
segments  of  VHF  Wideband  records  obtained  at  (tup)  a  mid-lali’ 
lude.  (center)  an  auroral,  and  (hoiioml  an  equatorial  station 
(after  t'remouw  er  at.,  I978| 


Hitherto,  Rician  statistics  have  been  used  exten¬ 
sively  in  communication  theory  as  a  model  for 
certain  noise  processes  [Hatfield  and  Rino,  I975| . 
The  received  signal  from  an  ionospherically  dif¬ 
fracted  plane  wave  can  be  considered  as  a  complex 
Gaussian  process.  ^  =  11,  +  tv,.  This  process,  v. 
is  said  to  have  Rician  statistics  when  the  variances 
of  V,  and  v,  are  equal  and  their  covariance  is  zero 
It  may  be  noted  from  Figure  *7  that  in  the  equatorial 
region  the  scatter  component  displays  a  very  Rician 
characteristic,  while  that  obtained  at  the  mid-lati¬ 
tude  station  is  highly  non-Rician. 

2.  The  SRII  group  has  categorized  scintillations 
qualitatively  into  seven  groups  ranging  from  'ex¬ 
tremely  quiet’  to  'extremely  active.’  It  is  interesting 
to  note  that  equatorial  stations  provtde  the  majority 
of  cases  in  both  the.se  extreme  situations  compared 
with  the  auroral  station,  where  a  'modestly  active' 
behavior  is  most  frequent.  This  equatorial  .scintilla¬ 
tion  behavior  is  probably  cau.sed  by  the  great 


day-to-day  variabililv  in  irregularity  occurrence  dis- 
cu.ssed  in  section  2  I 

t.  During  extremely  active  conditions,  scintilla- 
tions  are  lound  lo  persist  in  the  gigahertz  range 
The  observations  of  gigahertz  scintillations  with  a 
low  orbiting  .satellite  proved  that  weak  irregularities 
existing  throughout  the  plasmasphere  are  not  a 
necessary  condilion.  as  was  suggested  by  Hunker 

|l‘»75| 

4.  fhe  miiltifrequency  Wideband  observations 
have  shown  that  the  standard  deviation  of  phase 
in  general  shows  an  f  '  behavior  even  under  con¬ 
ditions  of  striing  diffractive  scatter.  Occasional 
violation  of  the  law  lias  been  observed  in  conjunc¬ 
tion  with  strong  scintillations  in  the  gigahertz,  range. 
I'lgure  10  shows  the  frequency  dependence  of  phase 
scintillation  during  two  20-s  periods  of  a  pass  on 
December  16.  I‘776.  which  falls  in  the  ‘extremely 
active'  category  The  /.-band  point  has  been  cor¬ 
rected  for  the  .S‘-band  phase  perturbations  which 
were  present  at  the  beginning  of  the  pass.  In  the 
less  di.siurbed  .sample  obtained  at  a  low  elevation 
angle  in  a  near-magnetic  meridian  plane  the  VIII- 
departs  significantly,  and  even  the  Ulll  points  show 
some  scatter  At  such  limes  the  slope  />  ol  the 
phase  spectrum  also  flattens,  with  values  of  p  • 

2  being  observed  at  VHF  and  UHI-. 

5.  The  frequency  dependence  of  intensity  .scin¬ 
tillations  observed  during  the  same  periods  is  shown 
in  Figure  1 1 .  The  fully  developed  or  .saturated  nature 
of  the  intensity  scintillations  at  VHF  and  the  five 
UHF  frequencies  analyzed  during  the  more  dis¬ 
turbed  period  is  apparent  in  the  departure  of  these 
six  data  points  from  an  /  '  '  dependence  [Rule- 


Fig.  10  I  requency  dependence  v>(  phase-scintillatKm  index 
during  two  20-s  perunJ.s  «>r  the  Ancon  Wideband  pass  on 
Oecember  16.  1476.  compared  with  an  f  '  dependence  arbitrarily 
passed  through  the  4I.VMH-r  data  point  (after  Fremouw  el  at , 
I47g|, 
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I  I  I  r  n  tr[  i  i  i  :  •  » . i  i  t  :  i  ■  >: 


)  1^*  n  )  tcqiicru  s  ilcpcnjciuc  nl  uiicnMty*Si  mUHakion  tntlcA 
V'Ao  pL'iinils  o)  ihc  Anctui  WiJchand  pass  i»ii 
Oci^cinhvr  1976.  i.(>nip.irc‘<l  with  .in  /  '  '  uVpcndcncc  |after 
/  rernini^x  n  <il  .  I97J<  1 

not  h.  I974|  lhai  holds  between  1.  band  and  S  band. 
Sueh  a  reducliiin  in  Irequency  dependence  of  inten- 
siiv  scintillations  in  the  niultipic-scatter  regime  had 
been  discussed  earlier  by  Ych  rt  dl.  (ly75|,  Whitney 
iinil  Hdsu  |ld77l.  and  Miillen  ei  dt.  (Id77|.  Under 
extrenicK  active  conditions  it  is  possible  to  have 
inteiisits  decorrelation  across  the  UHF  comb  of 
frequencies  In  this  regard  it  should  be  noted  that 
during  the  March  l'f77  Al'(il.  campatgn  it  was  found 
that  most  Wideband  passes,  even  those  showing 
gigahertz  scintillation,  were  not  associated  with  J-m 
radar  backscatter  \Bdsu  el  dl..  lq7Xh|.  This  point 
has  been  discussed  in  section  2.1,  Thus  it  is  not 
yet  known  whether  intensity  decorrelation  during 
the  developing  phase  ofequalorial  irregularities  will 
be  even  I’l eater 

fi  file  SRII  grt'up.  on  the  basis  of  their  ohserva- 
iioiis  at  Kwaialein  (4'’N  geographic,  X"N  dip)  and 
Ancon  i  I  I  .S  geographic,  2"N  dip),  has  indicated 
that  there  is  a  local  summer  maximum  of  equatorial 
scintillanoiis  l)n  the  other  hand,  (ihana  observa¬ 
tions  ( V  N  geographic.  X'  S  dip)  over  a  .“i-vear  period 
depict  a  local  summer  minimum  \KoMer.  I976|, 
as  shown  in  figure  12.  Thus  the  control  may  be 
longitudinal  rather  than  seasonal,  with  differences 
being  observed  between  the  Atlantic  and  the  Pacific 
sector  I /)r;.vi/ c/.;/  .  I V76;  zf  aron.v.  I ')77 1 . 1  he  rca.son 
lor  such  ellecis  are  as  yet  unclear. 

7  Depletion  of  total  electron  content  (TfX')  has 
been  noted  at  Kwajalein  in  conjunction  with  active 
scintillation  conditions.  One  specific  case  with  30'* 
fbC  depletion  has  been  discussed  in  detail  |f>e- 
mouwanJ l.ansinfter.  1477;  t'remouw.  I97H).  Koxler 


I  tg  \1  Seasona)  variation  ot  scindMalion  froni  ATS 

\  ai  l.egon.  (»hana.  during  the  period  September  197 1  lo 
December  197S  Ni)le  that  the  annua)  component  (with  a  mini¬ 
mum  in  (he  June  solstice)  has  twice  the  amplitude  of  (he 
scniiannuai  component  lafter  Koxier.  1976) . 


1 1976|  has  provided  extensive  evidence  using  42 
months  of  simultaneous  TEC  and  scintillation  mea¬ 
surements  at  Cihana  (excluding  the  June  solstice) 
that  scintillations  in  the  premidnight  period  are 
asstx'iated  with  TEC  depletions.  The  largest  TEC 
depletion  is  noted  at  2100  LT.  a  time  that  is  closely 
associated  with  the  development  of  plumes  on  radar 
maps.  This  agrees  well  with  current  theoretical  ideas 
and  in  situ  observations  of  the  association  of  equa¬ 
torial  irregularities  with  density  depletions.  More 
recent  data  obtained  at  Kwajalein  during  August 
1977  show  nearly  .sinusoidal,  long-wavelength  vari¬ 
ations  in  TEC  measured  along  the  Wideband  trajec¬ 
tory  at  times  when  the  Altair  radar  was  observing 
backscatter  at  150  MHz  (M.  J.  Baron,  R.  C.  Living¬ 
ston.  and  R.  T.  Tsunoda.  private  communication, 
I97tt).  This  may  indicate  possible  gravity  wave 
.seeding  of  equatorial  irregularities. 

.V  Rl.l  l.N)  rtltORt.TK  At.  RtiSULTS 

Theoretical  efforts  have  kept  pace  with  the  multi¬ 
technique  experimental  efforts  described  above. 
Numerical  simulations  of  a  Rayleigh  Taylor  unstable 
ionosphere  [Pungey.  1956;  Haerendel.  1974;  Hud- 
son  and  Kennel.  1975]  in  the  collision-dominated 
ca.se  have  been  made  by  Scannapieco  and  Ossakow 
1 1976] .  They  showed  that  an  initial  3-km  wavelength 
finite  amplitude  sinusoidal  perturbation  on  the  bot- 
tomside  eventually  formed  a  bubblelike  structure 
which  rose  into  the  topside,  such  as  was  seen  by 
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the  experimental  techniques  mentioned  earlier. 
The  development  time  of  10'*  s  determined  by 
Scannapieco  and  Ossakow  was  considerably  longer 
than  that  observed,  but  another  simulation  published 
recently  by  the  same  group  \0.\.'iakow  ei  a!..  I97X| 
shows  much  more  rapid  evolution.  The.se  computer 
simulations  are  strongly  supported  by  an  analytic 
treatment  due  to  On  |I97K|.  who.  assuming  the 
experimental  validity  of  the  bubble  concept,  calcu¬ 
lated  their  shape  and  velocity  as  a  function  of 
altitude  and  size.  At  low  altitudes  he  found  that 
the  bubbles  should  be  cylindrical  (circular  cross 
sections  and  uniform  along  B)  and  that  they  rise 
with  the  velocity 

/  \ 

u  =  (  — — - I  x/(i'„)  (I) 

\«„  +  / 

where  is  the  density  inside  the  bubble,  n.  is 
the  density  outside,  g  is  the  acceleration  due  to 
gravity,  and  i>,,  is  the  ion  neutral  collision  frequency. 
At  high  altitudes,  where  ion  neutral  collisions  can 
be  neglected.  Ott  showed  that  the  equations  govern¬ 
ing  the  motion  are  identical  to  the  equations  of 
two-dimen.sional  ordinary  lluids  (for  example,  a 
liquid  constrained  between  two  planes  with  separa¬ 
tion  distance  much  less  than  the  size  of  the  planes). 
Considerable  theoretical  and  experimental  work  has 
already  been  dene  on  such  fluids  and  can  thus  be 
directly  applied  to  the  present  problem.  The  ob¬ 
served  bubble  shape  is  shown  in  Figure  13.  and 
the  velocity  is  given  by 

«=>0.5(gg)'-  (2) 

where  R  is  the  radius  of  the  circular  'cap'  shown 
at  the  top  of  the  diagram.  (It  should  be  noted  that 
all  statements  concerning  velocity  fields  or  velocity 
turbulence  can  be  replaced  by  discussions  of  electric 
Helds  or  electrostatic  turbulence,  since  V  .  K  x 
B/B'.) 

From  the  foregoing  di.scussion  of  experimental 
and  theoretical  .studies  we  find  that  an  outstanding 
feature  of  equatorial  spread  h'  on  the  topside  is 
the  presence  of  large-scale  (~IO-km  scale)  regions 
of  low  plasma  density  with  very  sharp  gradients 
at  the  edges.  The  source  of  energy  for  this  inter¬ 
change  of  low-  and  high-density  plasma  is  (he  excess 
gravitational  potential  energy  which  resides  in  the 
F  region  plasma  supported  against  gravity  by  the 
magnetic  Held.  The  nonlinear  process  must  he 
initiated,  however,  and  several  mechanisms  have 


t  ig  l.t  HuhMi:  shape  and  vorlcs  generation  mechanism  (after 
Kelley  and  Ott.  1978) 


been  suggested.  In  the  linear  Rayleigh-Taylor 
process  the  zero-order  upward  density  gradient  is 
disrupted  by  the  electrostatic  fields  in  the  instability. 
It  seems  clear  that  this  proce.ss  does  operate  on 
the  bottomside.  possibly  enhanced  by  the  /•.'  x  B 
instability  \Kelley  el  al..  1979),  but  its  role  in 
producing  topside  iriegularities  is  not  proven.  A 
.strong  candidate  for  seeding  finite  amplitude  low- 
density  regions  near  the  topside  is  the  action  of 
atmospheric  gravity  waves  {Beer.  1974;  Router. 
1978;  Booker.  1978].  which,  if  the  waves  have  an 
upward  group  velocity,  can  'spatially  resonate'  with 
plasma  moving  downward  [WhUehead,  1971). 
Klontermeyer  \  1978)  has  shown  that  this  process 
indeed  leads  to  large-amplitude  long-wavelength 
perturbations  near  the  F  peak . 

Another  outstanding  feature  of  equatorial  .spread 
F  is  the  wide  range  of  wavelengths  exhibited  by 
.spread  /-'irregularities,  l  or  instance,  the  3-m  .scale 
length  is  3  4  orders  of  magnitude  smaller  than  the 
primary  priK-ess  described  abitve.  Two  proccs.ses 
have  recently  been  suggested  which  may  well  ac¬ 
count  both  for  the  wide  range  of  wavelengths  and 
for  the  extended  spatial  extent  of  spread  F. 

Costa  and  Kelley  \  I978ci.  bj  have  considered  the 
steep  gradients  in  plasma  density  a.ssociated  with 
bottomside  irregularities  (.see  Figure  15)  and  pre¬ 
sumably  also  with  topside  bubbles  and  have  shown 
(hat  drift  waves  should  grow  rapidly  on  the  observed 
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l-ig  14  (.irimtl)  rate  y  as  lunilitm  of  ihe  parameter  h  The 
curve  lahvlert  >  -s  (,»_  is  obtained  from  the  ‘small  growth  rate’ 
ecpressuin.  while  the  unlaheled  cuive  is  obtained  from  the 
‘generali/ed’  expressions  |alter  (  a\i,i  and  Keltev.  I978hj 

griidicnis  The  ni>rniali/ctl  growth  rate  is  plotted 
in  F'lgure  14  as  a  riinetion  of  the  parameter  h 
k'  |i  ?,  where  k  is  the  wave  number  perpendicular 
to  H  and  |i,  IS  the  ton  gsroraditis.  l-or  relerence. 
/>  at  the  licaiiiaica  backscatler  wavelength  is  70. 
rite  growth  rale  peaks  at  A  p,  =  1.5,  which  corre¬ 
sponds  iti  wavelengths  of  about  24  m.  The  grtiwth 
rate  is  linearly  proportional  to  the  gradient  scale 
length  /.  al  the  bubble  edge  and  is  I  s  '  for  L 
1 25  m  under  typical  ionospheric  conditions.  These 
drift  waves  should  not  only  contribute  to  backscatter 
in  the  development  pha.se  but  also  play  a  role  in 
the  eventual  merging  of  bubbles  into  the  background 
via  desiruciion  ol  the  steep  gradient  [Burke  el  al.. 
I979| .  Huha  ei  al  |  I97X|  have  extended  this  con¬ 
cept  lo  even  smaller  wavelengths. 

sectind  and  perhaps  more  important  process 
fioni  the  standpoint  ol  scmtillalions  is  the  generation 
ol  a  ihick  iiregtil.inly  layer  as  suggested  by  Kellev 
ami  On  |I'I7X|  Again,  use  was  made  of  Oil's 
liiidiiif's  ill, It  III  the  collisionless  case  the  equations 
ol  motion  are  identical  lo  those  for  a  two-dimen¬ 
sional  lluid  In  the  I1uid  ca.se  the  upward  buoyancy 
force  is  balanced  by  emission  of  vortices  in  the 
background  I1uid  This  injects  velocity  turbulence 
into  the  background  Huid  m  a  wake  which  trails 
behind  the  bubble.  In  the  plasma  ca.se  each  vortex 
corn  .ponds  to  a  line  charge  surrounded  by  a  circular 
K  X  B  drift  of  the  plasma  as  shown  in  figure  I3. 
Since  there  is  a  background  density  gradient,  this 
vortex  will  create  density  irregularities  with  the 
same  scale  size  as  the  velocity  turbulence. 

Numerous  theoretical  studies  of  turbulence  in 
two-dimensional  fluids  [Kraifhnan,  l%7;  Lilly. 
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1969]  have  shown  that  velocity  injected  into  such 
a  lluid  al  some  characteristic  wave  number  A„  will 
cascade  lo  wave  numbers  both  higher  and  lower 
than  A,,.  In  the  space  domain  this  ‘inverse  cascade' 
to  lower  k  implies  that  the  velocity  (and  density) 
turbulence  will  spread  into  the  largest  volume  avail¬ 
able  in  the  system.  Evidence  for  this  dual  cascade 
in  two-dimensional  turbulence  has  been  found  in 
the  earth's  atmosphere  [Kao  and  Wendell.  1970) 
and  magnetosphere  [Kelley  and  Kintner,  197X|. 

Kelley  and  On  11978]  suggest  that  the  vortices 
emitted  by  upwelling  bubbles  not  only  form  a  wake 
but  tend  to  fill  the  between-bubble  regions  (i.e.. 
in  an  east- west  direction)  with  velocity  and  density 
irregularities  via  this  ca.scade  to  lower  k  values. 
Cascade  lo  higher  k  also  occurs,  the  ultimate  spectral 
cutoff  occurring  at  .some  large  wave  number  where 
ion  viscosity  plays  a  rule.  This  dissipation  is  most 
effective  near  the  ion  gyroradius,  and  hence  it  seems 
likely  that  the  3-m  scale  (Jicamarca  backscatter) 
lies  in  the  di.ssipalive  subrange  Such  a  ‘cutoff  in 
the  amplitude  of  irregularities  at  short  wavelengths 
was  postulated  by  Woodman  and  Basu  )I978),  as 
was  discussed  earlier. 

In  the  intermediate  range  of  wave  numbers  E,  ' 
c  k  <  l.j' .  where  L.  is  the  stirring  length  (bubble 
size)  and  E,  is  the  dissipation  scale,  Kelley  and 
On  1 1978]  predicted  a  k  '  spectrum  for  velocity 
or  electric  Held  fluctuations  and  a  k  '  power  spec¬ 
trum  for  density  irregularities.  This  seems  in  con¬ 
tradiction  to  numerous  reports  of  a  one-dimensional 
k  '  density  spectrum  associated  with  equatorial 
spread/-'.  However,  Co.na  and  Kelley  [1978o]  have 
shown  that,  at  least  in  the  case  of  bottomside 
nonlinear  .structures,  the  A  ’  spectrum  is  due  to 
the  steep  edges  in  density  encountered.  Several 
examples  of  the  steep  edges  are  clear  in  the  data 
pre.seiited  in  the  top  panel  of  Figure  15.  obtained 
during  the  passage  i>f  a  sounding  rocket  through 
bottomside  spread  F.  The  relative  density  (t>n/n) 
is  plotted  for  an  8-s  interval  (-~16  km  along  the 
trajectory). 

As  an  illustration  of  the  steep  edge  effect,  Costa 
and  Kelley  1 1978a]  performed  a  Fourier  transform 
of  the  data,  shown  in  the  top  panel  of  Figure  15, 
randomi’zed  the  phase  in  each  Fourier  component, 
and  reas.sembled  the  data  in  the  time  domain.  Two 
such  random  phase  runs  were  made  and  are  plotted 
in  the  lower  two  panels.  The  upper  plot  displays 
considerably  more  ordering  into  large  structures 
with  steep  edges  than  the  lower  two.  One  property 
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Fig.  15.  The  upper  plot  is  a  detrended  data  stream  obtained 
on  the  bottomside  of  the  F  peak  during  equatorial  spread  /- 
The  lower  two  plots  are  reconstructed  time  domain  samples 
using  the  same  data  but  with  the  addition  of  a  randiim  phase 
in  the  FFT  (fast  Fourier  transform)  before  constructum  (after 
Costa  and  Kelley.  I978<i| 

which  characterizes  the  Fourier  transform  of  .sleep 
edges  is  a  correlation  between  Fourier  components. 
This  correlation  was  destroyed  in  the  randomization 
process,  which  results  in  the  'turbulencelike'  data 
shown  in  the  lower  two  panels.  Note  that  the  power 
spectrum  of  all  three  sets  of  data  is  identical  and 
varies  as /  ^  over  most  of  the  spectrum. 

R.  F.  Woodman  (private  communication.  1976) 
first  suggested  a  phase  coherence  test  as  a  way 
of  distinguishing  between  the  dominance  of  sleep 
structure  or  turbulence  in  equatorial  spread  F.  More 
recently,  Chaturvedi  and  Ossakow  (I977|  have 
considered  the  nonlinear  development  of  bottom- 
side  spread  F.  They  conclude  that  steepened  struc¬ 
tures  should  evolve  in  lime  and  that,  in  fact,  a 
k  '  spectrum  would  result  owing  to  the  sleep  edges. 
They  also  suggested  a  phase  coherence  lest  to 
distinguish  between  such  a  process  and  a  lurbu- 
lencelike  mechanism  proposed  earlier  by  Chaturvedi 
and  Kaw  (I976|.  The  results  of  Costa  and  Kellev 
|l978a|  described  above  seem  to  agree  with  the 
sharp  edge  hypothesis. 

4  summary 

The  following  picture  evolves  from  the  discu.ssion 
above.  Bollom.side  spread  /'occurs  in  a  widespread 


region  (at  least  >  10°  latitude)  centered  near  the 
magnetic  equator  in  the  posisunsel  hours.  This 
causes  moderate  VHF  scintillation.  Nonlinear 
evolution  of  this  process  and/or  the  spatial  reso¬ 
nance  of  atmospheric  gravity  waves  results  in  low- 
density  regions  rising  into  (he  topside,  leaving 
behind  a  trail  of  coiinler-rolating  vortices  which 
mix  the  background  density  gradient  and  create 
irregularities  in  densiiv.  Since  whole  Hiix  tubes 
partake  in  this  upwelling.  a  two-dimensional  bubble- 
originating  anywhere  in  this  latitude  ranee  will  have 
cffects  in  the  topside.  Ihe  bubbles  mav  also  be 
‘wedges’  extending  upward  from  the  /'peak  \M< 
Clure  et  a!..  I97S) .  In  this  case  the  plumes  may 
not  be  due  to  a  wake  effect  at  all  but  to  a  continuous 
generation  of  irregularities  at  the  edges.  The  density 
gradients  in  the  bubbles  or  wedges  also  dissipate 
and  create  short-wavelength  irregularities,  possibly 
via  the  'universal'  drift  wave  instability  \Cosla  and 
Kelley.  l97Sa.  h\  Burke  et  at..  1979]  or  other 
gradient-driven  instabilities  \ltuha  et  al..  I97K|. 

Radio  waves  incident  upon  the  equatorial  iono¬ 
sphere  under  these  conditions  are  thus  subject  to 
at  least  four  different  types  of  scintillating  environ¬ 
ment  (I)  Just  after  sunset  during  the  development 
phase,  the  bottomside  irregularities  cause  modest 
amplitude  scintillation  effects  due  to  the  low  abso¬ 
lute  Huctuations  in  electron  density.  It  is  not  known 
whether  large  phase  fluctuations  accompany  such 
weak  amplitude  scintillations,  as  the  Wideband 
satellite  does  not  have  equatorial  crossings  at  this 
time.  (2)  In  the  fully  developed  stage,  bubbles  are 
continually  emitted  into  the  topside  over  a  wide 
range  of  latitudes.  The.se  bubbles  may  continually 
stir  the  medium  at  wavelengths  comparable  with 
the  bubble  dimensions  (~l()  km).  In  this  event, 
two-dimensional  dual  cascade  spreads  the  velocity 
and  density  irregularities  to  larger  and  smaller  k 
values.  The  cascade  to  smaller  k.  combined  with 
the  vertical  wake  formation,  tends  to  fill  a  large 
volume  with  density  irregularities.  Alternatively,  the 
bubbles  may  be  wedges,  the  steep  edges  of  which 
break  down  via  a  hierarchy  of  instabilities  \Haeren- 
del.  1974;  Co.'iia  and  Kellev.  I978al  Incident  radio 
waves  thus  are  subject  to  sharp  discontinuities  in 
electron  density  in  the  bubbles  as  well  as  very  thick 
(in  altitude)  regions  of  power  law  type  density 
irregularities  Very  intense  amplitude  .scintillations 
have  been  observed  during  such  times,  as  was 
discussed  in  .section  2.  and  it  is  expected  that  large 
pha.se  fluctuations  will  also  be  present.  (J)  In  the 
decay  phase  (later  local  lime)  Ihe  velocity  turbulence 
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injected  by  the  bubbles,  as  well  as  the  bubble 
gradients  themselves,  decay  via  dissipation  at  large 
k.  In  this  phase  the  di.ssipalioii  scale  moves  to 
smaller  k  values  |A'»7/ei'  uniJ  On.  I'JTXl.  so  the 
sniallest-scale  structures  disappear  first.  Thus  .sig¬ 
nificant  kilometer-scale  structures  will  still  exist  in 
the  medium  and  strongly  affect  .scintillation  even 
though  back.scaller  meusuremenis  become  less  in- 
len.se.  (4)  i  inally.  the  irregularities  ob.served  near 
midnight  are  found  to  have  negligible  spectral  power 
at  metei  scale  lengths  but  still  retain  significant 
power  at  longer  scale  lengths,  which  may  cause 
strong  scintillations.  Using  mullisatellite  scintilla¬ 
tion  observations.  Husu  el  al.  (1778/11  have  shown 
that  these  irregularities  are  eastward  drifting  struc¬ 
tures  which  .seem  to  be  characterized  by  a  spectral 
cutofl  m  the  vicinity  of  tens  of  meters. 

It  has  to  be  pointed  out  that  two-dimensional 
models  ol  irregularity  bubbles  do  not  explain  why 
density  depletions  are  observed  to  rise  more  fre- 
i)uently  than  enhancements  fall  \HuJ.son.  1778). 
(i.  Ilaerendel  (private  communication.  1777)  has 
noted  that  density  enhancements  may  be  tied  to 
the  /•.  region,  whereas  density  depletions  are  free 
to  interchange  and  drift  up.  Afso.  recombination 
tends  to  destroy  falling  enhancements  as  they  move 
into  regions  of  higher  neutral  density,  while  upweli- 
ing  molecular  ions  in  bubbles  have  a  higher  recom¬ 
bination  coefficient  than  the  surrounding  O' 
(i'.-M.v.v  -<'U7< |778| .  f  inally.  McClure et  al.  ( I777| 
have  suggested  that  density  enhancements  may 
spread  out  over  a  broader  east- west  extent  than 
depletions,  thereby  producing  a  smaller  relative 
enchanceiiient.  More  extensive  experiments  arc 
required  during  which  both  veUicily  and  density 
irregularities  are  measured  simultaneously  as  a 
function  of  k  to  solve  the  three-dimensional  prob¬ 
lem  I  Icclric  field  measurements  of  the  velocity 
lields  aie  easier  lo  perform  on  technical  grounds 
and  are  cgiiicalcnl,  since  V  K  *  B/fl’. 

from  the  scintillation  point  of  view  it  would  be 
highly  desir.ibic  to  have  a  geostationary  .satellite 
with  the  capabiliiies  ol  the  present  Wideband  one 
to  monitor  the  focus  and  scatter  coiiiponetUs  during 
the  i'  celoping  phase  of  irregularities.  Such  rnea- 
siiiemeius  in  coniunctioii  with  the  Jicamarca  radar 
obsci \ .iiiiiiis  would  provide  valuable  information 
on  specir.il  characteiislics  of  equatorial  irregulari¬ 
ties  file  finding  of  Co.\Ui  iiiij  Kelley  |l778n|  and 
(  haturvcfh  and  Os.sakuw  |I777|  regarding  steep¬ 
ened  boitoinside  structures  and  the  associated  k 
speciruMi  IS  an  impvirtant  one.  It  is  thus  quite  crucial 


to  determine  whether  steepened  structures  also 
dominate  topside  irregularity  behavior  in  the  devel¬ 
oping  phase.  This  may  have  far-reaching  implica¬ 
tions  in  scintillation  modeling. 
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Using  scintillation  observations  Irom  a  series  of  equatorial  propagation  paths  as  well  as  hackscatiei 
and  airglow  data,  the  development,  motion,  and  decay  of  equatorial  irregularity  patches  have  been  stud¬ 
ied,  Assembling  the  results  of  earlier  studies  in  ihe  held  with  our  observations,  we  hnd  the  following,  the 
patch  has  limited  east-west  dimensions  with  a  minimum  of  lUU  km.  Several  patches  may  he  melded  to¬ 
gether  to  reach  an  extent  of  1^00  km.  Its  magnetic  north-south  dimensions  are  often  greater  than  2(MI<I 
km,  the  most  intense  irregularities  tas  evidenced  by  the  Jicamarca  radar  at  the  dip  equator)  are  from  22S 
to  450  km  in  altitude,  although  irregularities  are  found  as  high  as  ItlOII  km  The  patch  initially  has  a  west¬ 
ward  expansion  following  the  solar  terminator,  then,  maintaining  its  integrity,  moves  eastward  lividence 
over  a  limited  senes  of  experiments  sugge,sts  that  premidnighi  patches  are  formed  within  hours  alter 
loniuipheric  sunset  in  the  absence  of  special  magnetic  conditions,  l-rom  Ascension  Island  (  •''th"S  dip  laii- 
tude)  the  individual  patches  can  be  clearly  distinguished.  The  decay  of  patches  in  Ihe  midnight  lime  pe¬ 
riod  was  studied,  pointing  to  a  rapid  decrease  in  .scintillation  intensity  in  this  time  period 


Introduction 

Through  theoretical  considerations  [Durif’ey,  1956;  Haeren- 
del,  1974;  Hudson  and  Kennel.  1975;  Scannapiet  o  and  Os- 
sakow,  I976|  bolstered  by  backscaller  {Woodman  and  Lalloz. 
19761  snd  tn  [Kelley  ei  at..  1976;  McClure  el  ai,  I977|  ob¬ 
servations.  it  has  been  established  thal  nighttime  ionospheric 
equatorial  irregularity  regions  emerging  after  sunset  develop 
from  bottomside  instabilities,  probably  of  the  Rayleigh-Tay- 
lor  type.  The  depleted  den.sity  bubble  ri.ses  into  the  region 
above  the  peak  of  the  layer.  Steep  gradients  on  the  edges  of 
the  hole  [Haerendel.  1974;  Cosla  and  Kelley,  I978|  help  to  gen¬ 
erate  smaller-scale  irregularities  with  Ihe  high  topside  density 
causing  intense  scintillation  effects  [Ra.ru  and  Basu.  1976; 
Cosia  and  Kelley.  1976|.  Irregularities  in  the  wake  of  up- 
welling  structures  have  also  been  di.scu.s.sed  |  Woodman  and 
LaHoz,  mb.  Kelley  and  Oil,  I97S|, 

The  depletions,  with  their  vertical  motion  from  altitudes  be¬ 
low  the  peak  of  the  F  layer  into  regions  considerably  above 
that  height,  are  being  studied  by  a  variety  of  models  (Maeu  and 
Kelley.  1979],  Indications  of  patch  si/.e  and  velocities  have 
been  made  in  early  work  using  equatorial  spread  F  data.  Co¬ 
hen  and  Bowles  |I96I|  found  patches  elongated  at  least  I  km 
along  the  lines  of  force.  Calvert  and  Cohen  (196(1  measured 
drift  velocity  of  the  patches  slowing  from  ~2()0  m/s  pre¬ 
midnight  to  ~I(X)  m/s  postmidnight.  In  these  studies,  mag¬ 
netic  east-west  extent  of  the  patches  (of  thickness  of  (he  order 
of  50  km)  could  range  from  150  to  300  km  to  possibly  1000 
km.  Using  scintillation,  airglow.  and  backscatter  techniques, 
the  aim  of  this  paper  is  to  outline  recent  results  on  character¬ 
istics  of  the  patches  during  development,  size  and  velocities  of 
the  formed  patches,  and  the  total  time  that  the  patch  main¬ 
tained  its  integrity. 

We  shall  refer  to  the  patch  as  a  unit  irregularity  structure 
The  plume,  described  by  Woodman  and  ImHoz  (1976|,  is  one 
form  of  the  patch,  deriving  its  name  from  the  extended  height 
range  of  meter-scale  irregularities  detected  in  dramatic  ex¬ 
amples  provided  by  the  Jicamarca  radar  In  some  plumes,  ir- 
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regularities  are  observed  from  2(KI  to  800  km.  However,  in 
other  patches,  deteclable  echoes  from  the  Jicamarca  backscal¬ 
ler  are  confined  li>  a  ihicknc.ss  of  50  100  km.  Even  though  Ihe 
maximum  radar  intensity  may  be  identical  in  both  cases,  the 
thin  layer  could  hardly  be  termed  a  plume. 

In  an  ob.servalional  model  summarized  in  Figure  I  we  shall 
show  the  following  characlerislics: 

J.  A  new  patch  forms  afler  .sunsel  by  expanding  westward 
in  the  direction  of  Ihe  solar  terminator  with  velocities  prob¬ 
ably  similar  to  that  of  Ihe  terminator.  It  comes  to  an  abrupt 
hall  after  typically  expanding  to  an  east-west  dimension  of 
100  to  several  hundred  kilometers.  It  appears  to  have  a  mini¬ 
mum  size  of  ~  1(8)  km. 

2.  It  IS  composed  of  Held-aligned  elongated  rod  or  vertical 
sheet  irregularities  I  he  vertical  thickness  of  the  patch  is  .50  to 
several  hundred  kilometers.  In  the  mean  ihe  patch  encom¬ 
passes  a  height  region  from  225  to  450  km.  although  irregular¬ 
ities  have  been  .shown  to  exist  lo  l(X8)  km 

3.  Its  north-south  dimensions  are  of  the  order  of  2(88)  km 
or  greater,  far  larger  than  noted  in  earlier  studies 

4.  Once  formed,  the  patch  drifts  eastward  with  velocities 
ranging  from  1(8)  to  2(8)  m/s. 

5.  Its  Juration  as  measured  by  scintillation  techniques  is 
known  lo  he  greater  than  2'Zi  hours;  individual  patches  have 
been  tracked  by  airglow  techniques  up  to  3  hours  where  they 
have  maintained  their  integrity  |  Wcherci  ai.  I978|. 

6.  Between  patches  the  irregularity  structure  can  be  com¬ 
pletely  undcleclable 

Several  of  these  characteristics  have  been  observed  in  other 
studies.  For  example,  the  Held-aligned  bubble  model  devel¬ 
oped  by  Oxson  and  fien.mn  1 1978|  from  topside  sounder  data  is 
in  form  similar  to  Figure  I  and  has  been  found  to  extend  large 
distances  along  Ihe  Held  lines.  The  characteristics  noted  above 
pertain  to  irregularity  patches  formed  in  the  pre  local  mid¬ 
night  lime  period.  Post  local  midnight  (lalches  may  have  a 
different  formation  mechanism  and  hence  different  character¬ 
istics.  Airglow  measurements  (F.  J.  Weber  and  J  Buchau,  pri¬ 
vate  communication.  1978)  and  scintillation  observations  as 
will  he  outlined  suggest  that  no  new  patches  arise  after  I  2 
hours  after  sunset  except  under  special  magnetic  cxxnditions. 
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THREE  DIMENSIONAL 
PATCH  MODEL 

I  ig  I.  A  magnetic  ettuainr  cut  through  the  general  form  of  the 
equatorial  patch,  '-hown  lotlowing  the  contours  of  the  earth’s  mag¬ 
netic  lielcJ  North-south  dimensions  are  lypicallv  km.  while  it 

mas  measme  seveial  hundred  kilometers  east-west  and  vary  in  verti- 
c.il  thickness  Ironi  s|)  to  .several  hundred  kilometers. 

Oust  RVA  I  lONAI  MaMRIAI 

I  he  data  to  he  iitili/ed  cunsisl  ttf  ciKiperative  mea-suremcnls 
made  pnniarily  with  ihc  assistance  ctf  the  Insiilulo  (icolisico 
del  Peru.  These  iiieasiircmenls  arc  given  in  Table  I. 

Till  I  riRMAiiDN  Of  A  Ni  w  Patch 

The  sunset  line  moving  weslsvard  at  a  velocity  of  ■~5(KI  m/s 
initiates  the  condilions  necessary  but  not  sulhcicnt  for  a  patch 
to  form  During  some  escning,s,  irregularities  develop  in  a  ,sys- 
lematic  westward  motion  In  l  igiire  2  we  have  illustrated  the 
series  of  scinlillalion  slatting  events  which  ItKtk  place  with  a 
we.siward  motion  on  March  Id  20,  Id??.  In  the  lop  panel  a 
tracing  of  a  portion  of  the  hackseatier  observations  at  50  MH?. 
IS  shown  (P  McClure,  personal  communication  1977).  A  thin 


layer  of  relatively  weak  ^-m  irregularities  forms  at  I93S  LST, 
but  the  plume  starts  to  develop  at  19.50  LST.  Greater  values  of 
AA/  and  increased  thickness  then  occur  Scinlillalion  activity 
noted  at  Ancon  on  the  GUI’S  I  beacon,  the  path  closest  to  the 
Jicamarea  magnetic  meridian,  increases  sharply  at  1950  LST. 

The  timing  of  the  start  of  scintillation  activity  at  each  of  the 
ionospheric  paths  is  shown  in  the  remaining  panels.  This  tim¬ 
ing  coupled  with  the  adjacent  map  indicates  clearly  a  westerly 
development  of  the  patch.  The  sequence  and  direction  of 
starts  are  shown  hy  arrows  and  a  numerical  order  of  com¬ 
mencements. 

Using  the  three  VHP  observations  in  order  to  equalize 
starting  time  definition  (Huancayo-GOES.  Ancon-GOES. 
and  Huancayo  A-J),  a  velocity  of  200  300  m/s  is  determined 
in  the  initial  westward  development.  The  patch  has  very  large 
dimensions  E-W  as  borne  out  by  the  continuous  high  level  of 
activity  at  each  of  the  stations.  This  relatively  continuous  ac¬ 
tivity  through  the  night  does  not  allow  us  to  determine  a  sub¬ 
sequent  eastward  velocity  by  the  gross  mulioii  of  the  patch. 

A  second  illustration  of  a  newly  developed  patch  uldiz.es 
data  from  the  next  night.  March  20  21.  1977  The  Jicamarea 
backseallcr  records  are  shown  in  the  lop  frame  of  Figure  3. 
Strongly  hackscallered  energy  was  first  observed  at  2010  LST 
in  noting  the  scinlillalion  acliviiiss.  one  can  see  the  expansion 
of  the  irregularity  patch,  its  finite  slop  in  the  westward  direc¬ 
tion.  and  finally  its  motion  eastward  across  the  L-9  paths  from 
the  two  sites  of  Ancon  and  Huancayo 

Using  the  erileriun  of  start  time  measured  from  signal  scin¬ 
lillalion  greater  than  6  dB.  the  scintillation  activity  was  first 
noted  at  19.50  LST  on  the  Huancayo  GOES  I  iniersection.  de¬ 
veloping  in  lime  on  the  Ancon  GOES  intersection,  the  Jica- 
marca  back.scatter  (along  the  .same  magnetic  meridian),  and 
the  Huancayo  A-3  patch.  The  velocities  of  the  developing 


TABLt  I.  Observational  Material 


1  re- 

quency. 

Stuiion 

t;xpenmenl 

MHz 

Satellite 

Dates 

Jicamurc.! 

radar  hackscatler  (IITD) 

50 

Oct.  1976 
March  1977 
March  I97X 

AnctHi 

Npaced  receiver  scintillalion 

249 

L  9 

Oct.  1976 

249 

March  1977 
March  1978 

NCintillation 

137 

A-3 

March  1977 

fiOtS  1 

March  1978 

254 

L-« 

Huancayo 

scintillation 

249 

L-9 

Oct.  1976 

257 

1  Marisat 

March  1977 

1541 

March  1978 

137 

Wideband 

scintillation 

137 

A-3 

March  1977 

GObS  1 

March  1978 

AI  <iL  Aircraft 

scintillation 

249 

L-9 

Oct.  1976 

lonosonde 

March  1977 

airglow 

March  1978 

Al  AI.  Aircraft 

scinlillalion 

249 

L-9 

Oct.  1976 
March  1977 

Ascen.sion  Islanil 

sciniiltaiion 

257 

Mansat 

March  1978 

137 

SIRIO 

249 

L-9 
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Fig.  2  BackscflUcr  and  scintillalum  data  recorded  on  March  19  2(F  1977,  of  several  satellites  observed  from  Ancon 
and  Huancayo.  Peru.  The  accompanying  map  of  the  dtlfVlim  suhionospheric  points  (til  UT  positions  shown  by  x)  illus¬ 
trates  the  westward  development  of  the  patch  (over  a  longitudinal  range  of  -vK”)  through  the  use  of  arrows  and  the  numeri¬ 
cal  order  of  commencements.  The  ground  positions  of  the  sites  are  given  ( i  e  .  07)  in  ordei  to  picture  the  angle  of  elevation 
to  the  satellite  'Overhead'  satellites  are  ctose  lo  the  sunons 


patch  were  of  the  order  of  160-200  m/s  westward  as  calcu¬ 
lated  from  the  times  of  rise  at  these  intersections  This  particu¬ 
lar  patch  never  extended  westward  far  enough  to  reach  the 
longitude  of  the  Ancon  intersection  lo  L-8.  However,  later, 
another  patch,  originating  probably  west  of  Ancon,  moved 
across  the  Ancon  L-8  path  and  joined  the  irregularity  activity. 
The  minimum  extent  of  this  enlarged  region  was  of  the  order 
of  300  km. 

Once  the  patch  was  formed,  its  motion  eastward  could  be 
followed  by  noting  the  time  of  passage  across  (he  paths  of  L-9 
from  Ancon  and  from  Huancayo.  Measurements  of  the  satel¬ 
lite  were  at  relatively  low  angles  of  elevation  and  involve  an 
early  peaking  ~2020,  arriving  at  both  stations  after  its  appear¬ 
ance  in  the  west. 

During  all  three  campaigns,  spaced  receiver  measurements 
of  LES  9  were  available  from  Ancon  to  determine  drift  veloc¬ 


ity  The  east-west  spacings  of  the  measurements  from  Ancon 
using  the  249- M Hr.  beacon  of  I.ES  9  were  122,  244,  and  366 
m.  DilTerenl  spacings  were  used  on  various  nights.  The  data 
indicated  that  at  the  beginning  ol  each  patch,  old  or  new.  ve¬ 
locities  were  not  unidirectional.  On  the  night  of  March  19-20 
(Figure  4),  spaced  receiver  measurements  show  a  low  correla¬ 
tion  and  fluctuating  velocity  during  the  development  period 
from  1930  lo  2100  LST.  This  was  perhaps  due  to  the  fact  that 
only  366-m  spacing  was  available,  but  it  is  also  possible  that 
the  terminator  motion,  vertical  vel<x;i(ies.  and  eastward  drifts 
produced  fluctuating  velocity  values  (eastward  and  westward). 
After  2100  LST,  (he  eastward  velxKities  stabilize  between  130 
and  180  m/s. 

In  almo.st  all  cases  as  (he  patch  moved  lo  the  east  over  the 
propagation  path  from  Ancon  lo  the  LES  9  satellite,  the  pat¬ 
terns  stabilized,  i.e.,  the  velocities  showed  consistently  east- 
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/'(g  .1  flucksAUMer  anJ  ss'inlfMation  Jala  recorjcj  tin  March  2(1  21,  1477.  of. several  saiellites  observed  from  Ancon 
and  I  luani.iyo,  Peru  I  hrnugh  ihc  use  .if  arrows  and  Ihc  numerical  order  of  commencements  on  the  accompanying  map. 
one  can  sec  the  westward  development  of  Ihe  irrcgulariiv  patch  (over  a  longitude  range  7,S'’-78'’W),  the  end  of  the  svest- 
ward  motion,  and  finally  Ihe  eastward  motion  acrovs  Ihe  I.-V  paths  The  ground  positions  of  the  sites  and  Ihe  400-km  sub- 
itinospheric  positions  are  illustrated  us  in  f  igure  2- 


ward  direction  and  eshibiied  high  peak  cro.stt-correlaiion 
functions  On  Ihc  night  of  March  20  21  Ihe  velocity  measure¬ 
ments  arc  rather  stable  and  well  correlated  al  a  value  of  ISO 
ni/s  tor  Ihc  enure  period  of  available  spaced  receiver  mea- 
siircmenls.  Using  this  vcItKily  and  considering  the  scintilla¬ 


tion  duration  al  Ancon  L-<f  to  be  2  hours  40  min.  the  patch  ex¬ 
tent  would  be  1440  km.  By  viewing  Ihe  backscaller  record,  the 
patch  appears  to  have  this  extent  becau.se  of  the  large  number 
of  closely  .spaced  plumes.  This  almost  continuous  scintillation 
activity  makes  it  difficult  to  separate  the  record  into  individual 
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Fig.  4  Spaced  receiver  data  vhiiwing  veliK'iiv  and  correlation  on 
March  14-20.  1477.  eahihiiing  fluctuating  velociiiev  with  Itiw  oirrela- 
tion  at  time  of  patch  formation 


patches.  As  the  patch  continues  eastward,  some  higher  veloci- 
lies.  around  200  m/s  were  noted,  correlating  well  with  the  ve¬ 
locity  calculated  from  scintillation  onset  on  the  propagalnm 
paths. 

As  shown  in  the  detailed  tagging  of  patches  in  Figures  2 
and  3.  one  can  follow  the  path  of  patches  as  they  move  east¬ 
ward.  This  was  done  for  several  sets  of  data  including  the  in¬ 
terrelated  sets  from  Ancon  and  Fluancayo  in  the  three  cam¬ 
paigns  as  well  as  diflering  propagation  paths  as  recordct' 
simultaneously  at  Ascension  Island  Kach  patch  observed  later 
than  I  hour  after  ionospheric  sunset  was  observed  first  in  the 
west  and  then  in  the  east.  AAer  local  midnight,  however,  due 
to  lower  velocities  and  to  the  decrease  of  intensity  of  irregular¬ 
ities.  (his  test  could  not  be  used  with  certainly.  With  data  simi¬ 
lar  to  the  cases  of  March  19  20  and  March  2(3  21.  we  exam¬ 
ined  the  hypothesis  that  all  patches  originated  within  I  I 'A 
hours  of  local  ionospheric  sunset  (at  300  km  ~  19  hours  14  min 
LST  in  March  and  1 9  hours  3  min  LST  in  October),  all  other 
patches  would  then  be  old  patches. 

Given  the  limited  number  of  days  and  more  importantly 
the  'running  together'  of  individual  paiche.s,  this  hypothesis 
held.  Patches  seen  after  I 'A  hours  after  ionospheric  sunset  ap¬ 
peared  first  in  (he  west  and  moved  eastward 

THF.  DtCAY  OF  PATCHKS  (N  THK  MiONKillT 
TiMt  Pkrioo 

Some  patches  show  evidence  of  decay  observed  on  the 
propagation  paths  available  during  these  campaigns.  Data 
from  the  baclucatler  radar  and  the  aircraft  as  well  as  ground 
recordings  of  Wideband  and  the  synchronous  satellites  illus¬ 
trate  this  for  several  cases. 

Figure  S  illustrates  the  backscatter  records  for  March  Ifi-IT, 
1977.  Over  Jicamarca  the  irregularities  appeared  .slightly  be¬ 
fore  23(X)  LST,  maintained  medium  level  intensity  in  the  alti¬ 
tude  region  3(X)-600  km  until  2330  LST.  then  trailed  off  in  in¬ 
tensity  at  the  higher  altitudes  until  0030  LST.  The  trailing  off 
appears  to  be  a  decrease  in  intensity  of  the  3-m  irregularities. 

From  Wideband  data  at  Ancon  (SRI)  and  at  Huancayo 
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Fi,  ^scatter  records  of  March  Ih  17,  1977  The  irregulari¬ 
ties  fit.  .lUin  mediuni'level  inlensily  from  to  21)0  LST.  al 

heights  of  300-600  km.  then  disappear  at  the  Uiwer  aliiludev  and  trail 
oflfin  inten.siiy  at  the  higher  altitudes  until  oti.lO  I  S  f 


(AFGL-l(iP)  a  patch  could  he  noted  nearly  over  Jicamarca 
with  a  sharp  eastern  front  at  76'’W  at  23tK  LST  In  f  igure  6^ 
data  from  the  aircraft,  tracing  a  route  from  3°  north  to  V' 
south  of  Jicamarca  hut  olT  3°  to  the  west  indicated  sciniilla* 
lion.\  as  high  as  12  dB  acri>SvS  the  patch  in  the  time  period 
from  2300  to  232S  LST  Airglow  data  are  available  which 
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Fig.  (i.  ScinlilUtion  observations  of  the  LES  9  beacon  seen  at  An¬ 
con  and  fluancayo.  Peru,  and  by  the  AFGL  aircraft  tracing  a  route 
over  Jicamarca.  on  the  same  day  as  the  backscatter  records  shown  in 
Figure  S.  The  eastward  movement  of  the  patch  is  shown  with  the  in¬ 
tensity  of  Kinlillaiion  falling  off  corresponding  lo  the  drop  in  in¬ 
tensity  of  the  hnckscaller. 


39 


144  Aah<»ns  II  Ai  I)\nami(soi  I-i^daiokiai  Tam  Ilf  s 


iJciiiitv  ihiN  palcli  I  he  acUviiy  on  the  path  tioni  ihe  aii<r.ilt 
\o  ihc  -satclliic  dccfca.scJ  allcr  (KUO  uiUil  levels  ^cre 
reached  at  0100  I.ST  I  he  Ancon  path  to  l.l  S  V  (also  shown 
in  higure  h)  has  a  maximum  ol  lO  dH  fades  with  a  start  of 
some  activity  at  2350  LS  I  ;  this  position  is  to  the  east  ol  the 
aircraft  viewing.  The  veUieiiy.  as  deiemiined  from  spaced  re¬ 
ceivers  at  Ancon,  however,  remained  about  *>0  m/s,  only  the 
irregularity  intensity  decreased  as  the  patch  moved  eastward 
I  he  Hiiancavo  L-‘>  maximum  excursions  pKMO  (KLSO  LST) 
were  ol  the  order  ol  }  dB  Within  I' :  hours  or  less,  the  scintil¬ 
lation  levels  decreased  from  12  lo  3  dB  at  254  MH/  The 
Marisai  records,  far  u>  the  cast.  sht>wed  no  scintillation  activ¬ 
ity  alter  this  lime 

A  second  decay  ol  a  patch  will  be  ilhisiratcd  with  the  data 
frt'm  March  I**  20.  L>77  (cailicr  devehipments  from  this  night 


were  sluiwn  in  I  igiiic  2)  A  tracing  of  the  contours  of  back- 
scatter  during  the  lime  peruul  2230  01.30  LSI  is  shown  in  Fig- 
lire  7.  Weak  irregularities  of  3-m  si/e  are  present  at  200-km  al- 
iiiudes;  the  large-scale  irregularities  are  still  fully  developed  as 
was  shown  by  Ha\u  et  al.  (I97X),  Airglow  observations  in¬ 
dicate  that  this  patch  was  one  previously  developed  and  not  a 
new  patch. 

In  I  igure  7.  .scintillation  panels  are  shown  vertically  in  east¬ 
ward  sequence.  One  can  note  that  the  patch  arrives  sequen¬ 
tially  later  toward  the  east  The  paths  farthest  to  the  cast  show 
low  levels  of  activity  (Ancon  L-9)  or  no  scintillation  activity 
(Htiancayo  1-9) 

T  he  evidence  for  slowdown  in  velocity  of  this  patch  is  from 
the  .iircrali  as  shown  in  Figure  X.  where  the  rate  of  .scintilla- 
iu>n  lading  is  shown  When  the  aircraft  Hies  westward  again.si 
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I  ig  HilikMuticr  .iiiJ  xiuiitljifon  daia  of  seveml  .xaiclliics  observed  rn>m  Muancayo  and  Ancon  recorded  on  March 
pi  2U.  1*177,  allci  22UUISI  illiisiralutg  patch  decay  The  acc'«»mpany<ng  map  documenis  the  eastward  motion  of  the  patch, 
slowing  down  .iitd  dciaving  .is  il  (ravels  The  ground  posiiions  of  the*  silts  and  the  4(Kf-km  subionospheric  points  are  illus- 
Ir.iic'tl  HI  llic  s.inic  iH.Minrt  in  I  if'iirc  2.  hut  f«»rn5  tJ  | 
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Fig.  K.  Fading  rates  and  scintillation  observations  made  by  the  AFtil.  aircraft  of  the  LF.S  d  beacrin  on  March  IV  2tl. 
IV77  These  data  illustrate  the  slowing  down  of  the  patch  after  2fStl  t.S'l 


irregularity  motion  (2120  for  example),  it  would  be  expected 
to  show  a  rapid  rate  of  fading,  since  it  moves  through  many 
irregularities.  When  it  flies  eastward  along  with  the  motion  of 
the  trregularities,  it  usually  shows  a  very  low  rate  of  fading, 
for  example,  at  2200.  Fading  rate  would  be  rero  if  the  aircraft 
motion  matched  the  irregularity  velocity.  In  the  case  of  flying 
eastward  (0030-0050)  and  westward  (2350  0020).  when  the 


patch  was  decaying,  almost  the  same  rates  are  shown,  in¬ 
dicating  that  Ihe  velocily  of  the  irregularities  has  slowed 
down. 

The  decrease  in  activity  is  also  shown  in  this  lime  period 
from  15  dB  (the  aircraft  and  Ancon  L-H  levels)  to  le-ss  than  I 
dB  in  somewhat  over  an  hour  later  in  this  midnight  time  pe¬ 
riod.  From  this  and  other  days  on  which  there  were  similar 


ASCENSION  ISLAND  MARCH  lO-ll,  1978 


LES-9 


Fig.  9.  Scintillation  data  ohaerved  from  Ascension  Island  of  the  LliS  9  and  Marisat  heavon.s  on  March  10  1 1.  Iv7g 
The  geometry  of  the  observation  is  also  shown,  illustrating  that  the  obliituity  of  the  LliS  9  path  wipes  nut  the  po&sibliiy  of 
viewing  a  single  patch  on  this  day  Marisal  viewing  is  almost  verlical 
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occurrences  il  appears  that  Ihe  patches  maintain  their  activity 
I'rom  postsunset  to  ahcrui  midnight,  then  decay  in  lime  periods 
of  the  order  ol'  I  hour. 

liMI  DtlKAIKlN  Ol  PAtC'tllS 
To  some  extent,  the  beginning  and  the  end  of  a  scintillation 
patch  are  determined  hy  observational  parameters.  At  micro¬ 
waves.  since  a  large  A.V  and  thickness  are  needed,  only  intense 
irregularities  produce  lading  elfcets  on  radio  waves;  at  VHP. 
weak  irregularities  pioduce  small  fluctuations  in  signals  be¬ 
fore  the  inlen.se  region  develops  or  moves  over  the  propaga¬ 
tion  path  Microwave  patch  durations  will  therefore  be  shorter 
than  those  noted  from  VHP  observations.  A  second  observa- 
tumal  huts  will  be  geometrical.  Oblique  observations  to  the 
east  or  to  the  west  from  equatorial  positions  may  encompass 
more  than  one  patch,  therefore  in  these  a/.imuths.  patch  dura¬ 
tion  will  appear  to  be  longer  and  the  trregularity  structure  be¬ 
tween  patches  more  dilhcult  to  define 

TIm  duration  of  scintillalion  is  a  function  of  the  three-di¬ 
mensional  obliquity  of  the  path  An  example  of  the  drawn  out 
fxlcnl  ol  scintillalion  al  a  low  angle  of  elevation  toward  the 
west  compared  to  a  nearly  overhead  viewing  is  shown  in  P'ig- 
ure  V  We  have  plollcrd  reduced  data  from  A.sccnsion  island  of 


obscrvalions  of  l.l  S  V  viewed  al  .100'’  a/.imulh.  20"  elevation 
compared  lo  those  of  Marisal  al  Kll°  elevation.  iM)°  a/.imuth. 
The  obliquity  of  Ihe  path  In  LliS  9  effectively  wipes  out  Ihe 
opfiortunily  to  view  a  single  patch,  since  for  the  patches  de¬ 
picted  (data  from  March  10-11,  1978)  the  path  from  LES  9 
encompasses  three  patches. 

With  these  caveats  in  mind,  we  have  chosen  to  compare 
patch  E-W  dimensions  as  noted  on  GOES  observations  at  An¬ 
con  (78.6“W  in  1978.  76.9°W  in  1977)  with  the  SIRIO  obser¬ 
vations  from  Ihe  Ascen.sion  Island  (14  4°  W).  both  al  137 
MH/  and  both  with  longitudinal  intersections  close  to  their 
magnetic  meridians,  thus  minimizing  the  effects  of  obliquity. 
These  observations  are  distributed  by  duration  as  shown  in 
Table  2  regardless  of  pre-  or  post-local  midnight  starting  time 
of  Ihe  patch. 

Two  thirds  of  the  SIRIO  patches  are  of  duration  less  than  I 
hour,  while  only  25%  of  the  Ancon  GOES  patches  lasted  less 
than  I  hour,  using  the  criterion  of  start  and  stop  of  the  6-dB 
level  (Figure  10). 

A  .smaller  amount  of  data  from  the  Ancon  GOES  observa¬ 
tions  in  1978  is  available,  taken  during  the  same  time  period 
as  the  Ascension  Island  SIRIO  data.  Eight  of  the  10  patches 
observed  were  of  duration  greater  than  I  hour. 

It  is  clear  that  observations  taken  from  Ascension  Island 
showed  narrower  h-W  dimensions  than  those  from  Peru. 

The  explanation  is  thought  to  lie  primarily  in  the  latitudinal 
distance  of  the  intersection  of  the  propagation  path  from  As¬ 
cension  to  the  satellite.  The  higher-altitude  irregularities  ob¬ 
served  in  the  ionosphere  above  the  dip  equator  are  mapped  to 
low  altitudes  when  the  intersection  poini  is  ~I6°S  dip  lati¬ 
tude.  Thus  6(X)-  to  800-km  irregularities  observed  above  the 
equator  appear  at  200-250  km  on  Ihe  propagation  path  from 
Ascen.sion.  The  lower-altitude  irregularities  at  the  equator  are 
probably  rapidly  dissipated.  Thus  Ihe  connecting  tissue  (mod- 
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I  ig  lU  )lisii>grain  comparing  percent  oocurrence  of  patch  duration  observed  in  Ascension  Island  SIRIO  (1978)  scin- 
iillalion  daia  wiili  Am  on  OOFS  ( 1977)  .xcinlillalion  data  Tlie  Ascension  Island  Patches  are  of  noticeably  shorler  duration 
than  ihtiM:  tdyserved  in  Ihe  Ancon  data. 
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ASCENSION  ISLAND 
MARCH  5,  1978 


SIRIO  SCINTILLATION 


Fig.  1 1.  Scintillation  observations  of  the  SIRIO  beacon  at  Ascension  Island  on  March  S,  lOTK.  The  quenching  ot  scintil¬ 
lation  activity  t  '7TIIII)  between  patches  is  easily  seen 


crate  irregularity  levels)  from  one  plume  to  another,  such  as 
.seen  in  Figure  3.  for  example,  disappears. 

The  minimum  patch  extent  noted  -  I6°S  dip  lalttudc  can  be 
ascertained  from  this  data  Using  an  eastward  velocity  of  100 
m/s  (obtained  from  airglow  measurements  by  the  AFCiL  air¬ 
craft  (E.  Weber,  private  communication.  I97II).  a  minimum 
patch  (E-W  extent)  of  the  order  of  100  km  is  calculated  for  the 
data  shown  in  Figure  II  on  March  5.  I97X.  The  illustration 
shows  clearly  the  quenching  of  scintillation  activity  between 
patches  at  Ascension  Island.  Thus  for  ascertaining  the  scintil¬ 
lation  activity  encountered  for  a  path,  the  latitudinal  distance 
to  the  equator  must  be  factored  into  the  morphological  pic¬ 
ture. 

Patch  AtTiTuot.  ANt)  Thicknfss 

Using  the  backscatter  observations  taken  at  Jicamarca 
(kindly  supplied  to  us  by  J.  P.  McClure  of  the  University  of 
Texas  at  Dallas),  we  developed  a  composite  contour  of  height 
and  thickness  for  each  intense  campaign  period.  For  each 
night  the  altitudes  and  periods  of  time  were  used  when  con¬ 
tours  were  within  6  dB  of  the  maximum  back.scatter  return  on 
that  night.  Backscatter  returns  have  been  detected  at  altitudes 


as  large  as  ItlOtl  km.  Our  data  reduction  techniques  ulili/.c 
only  the  stronger  returns  of  more  intcn.se  irregularities 

Figures  l7o  and  l2/>  illusirale  the  results  from  X  nights  in 
October  1976  and  9  in  March  1977  In  these  ta.ses  the  altitude 
range  for  intense  irregularities  is  from  22.*'  to  450  km.  pre¬ 
dominantly  in  the  lime  period  before  local  midnight,  usually 
1930  22(X)  LST.  The  backscatter  data  for  March  I97X  exhib¬ 
ited  the  same  temporal  maximum  as  the  March  1977  data  but 
at  slightly  higher  allitiidcs  (Figures  I2r)  The  I97X  data  were 
taken  during  a  month  when  the  solar  flux  was  high  (~I50) 
while  in  October  1976  and  March  1977  the  solar  flux  values 
were  75  and  77.  re.speclively. 

Discussion 

In  earlier  papers  di.scussing  resulls  of  the  backscatter  mea- 
surements  a/..  1970;  Woodman  and  /.aHoz.  19761  a 

dilemma  seemed  lo  arise  relative  to  the  backscatler  results.  No 
dLslinction  would  be  made  between  newly  or  previously  devel¬ 
oped  patches.  While  il  was  known  that  patches  were  gener¬ 
ated  after  sunset,  a  tag  could  not  be  placed  on  an  individual 
patch  as  to  its  ‘age  '  Thus  when  Farley  ei  ai  |I970|  analyzed 
height  changes  relative  lo  the  generation  of  patches,  data  for 
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Fig.  12  CompiMiie  contours  of  height  and  occurrence  with  lime  of  Jicamarca  backKaller  obaervaiions.  The  occurrence 
coniovn  on  a  given  night  were  taken  to  a  level  6  dB  down  frtrm  the  maximum  backacaller  observed  on  that  night,  tu)  (X- 
lober  1976  and  (6)  March  1477  data  illustrate  the  height  range  for  intense  irregularities  as  225  450  km.  at  |>I93U  2200 
LST  (r)  March  1 97X  contours  exhihil  this  same  temporal  maximum  hui  at  .slightly  higher  altitudes. 
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all  patches  were  used  in  Ihc  analysis  I  rom  the  data  noted  in 
this  paper  it  is  clear  that  even  al  limes  when  Ihc  first  patch  was 
observed  on  any  nighl.  this  could  he  an  'old'  patch. 

F-tom  .scintillation  iihservations  in  this  limited  data  sample 
It  appears  that  premidnighi  patches  arise  within  I  I J  hours  af¬ 
ter  ionospheric  sunset,  the  optical  data  acquired  during  the 
campaigns  ( tf'e/ier  ci  al .  197X1  indicate  more  clearly  that  new 
patches  did  not  develop  after  about  11  hours  past  ionospheric 
sunset.  I  hiis  earlier  studies  on  spread  /-'and  baekscaller  con¬ 
cerning  Ihc  necessary  conditions  of  ionospheric  height  and 
rate  of  vertical  drift  must  be  reevalulated.  since  the  patch  may 
have  been  iorined  earlier  in  a  region  far  to  the  west  of  the 
sounder 

Although  there  has  been  considerable  study  of  the  vertical 
development  of  the  irregularity  patch  (fterrAoM'  c/  at.,  I979|, 
there  has  been  only  a  relatively  small  amount  of  work  relative 
to  the  inilialing  mechanism  (the  necc.s.sary  and  sufficient  con¬ 
ditions  lo  develop  a  bubble  in  a  realistic  atmosphere).  One 
proposal  has  been  the  spatial  resonance  cfiect.  i  e..  Ihc  phase 
velocity  of  atmospheric  gravity  waves  matching  the  plasma 


drill  velocity  of  equatorial  irregularities  [Rottger.  1978;  Khs- 
lermeyer.  1978;  Knster  and  Beer,  1972).  However,  even  with 
this  hypothesis  there  has  been  little  detailed  correlation  of  at¬ 
mospheric  parameters.  At  one  observing  point,  for  example, 
Huancayo,  Peru,  a  night  having  hours  of  intense  irregularities 
may  be  followed  by  a  night  of  no  activity. 

The  confinement  of  a  patch  to  a  limited  east-west  extent 
should  he  explained.  At  the  equator  the  plume  is  a  dramatic 
example  of  the  limited  extent:  at  distances  from  the  equator, 
the  Ascension  Island  observations  have  shown  the  con¬ 
finement  of  individual  patches. 

Once  the  patch  is  formed,  it  stays  together  for  hours.  It 
would  be  well  to  know  why  the  patch  remains  a  unit  structure 
and  why  the  patch  continues  lo  produce  irregularities.  Farley 
el  al.  1 1 970)  slate  that  at  300  km,  dilTasion  would  destroy  the 
small  3-m  irregularities  in  10^20  s  or  less.  Yet,  the  total  struc¬ 
ture.  containing  3-m  to  larger  irregularities,  lasts  considerably 
longer  than  that.  Certainly  the  larger  irregularities  are  pro¬ 
duced  in  the  patch  over  the  order  of  hours  as  we  have  shown. 
The  3-m  irregularities  probably  endure  somewhat  less  \Basu  ei 
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al.,  1978].  Kelly  and  Ott  |I978)  have  discussed  density  irregu¬ 
larities  created  by  turbulent  electrostatic  fields  in  (he  wake  of 
upwelling  structures.  These  irregularities  would  expand  to 
larger-  and  smaller-scale  si7.es  of  which  the  shortest  wave¬ 
lengths  would  dissipate  more  rapidly. 

A  detailed  description  is  needed  of  the  possible  pokysscs 
taking  place  along  the  magnetic  tubes  encompa.sscd  by  a 
patch.  It  IS  not  clear  what  (xcurs  when  the  field  lines  from  .ItNI 
to  600  km  at  the  equator  dip  to  altitudes  of  2(K)  km  at 
I6''S  dip  latitude. 

The  decay  of  patches  has  been  <iu(lined  I'he  decay  of  the 
turbulent  electrostatic  field  appears  to  he  the  mechanism  ic 
sponsible  for  the  lifetime  of  the  irregularities  {Kvlhy  and  Ott. 
1978).  The  data  for  the  midnight  time  period  shown  in  I'tgure 
8  indicates  that  at  250  MHz.  decays  of  10  dB  UK>k  place  in  an 
hour.  There  are  nights  when  scintillations  la.st  into  the  morn¬ 
ing  hours,  with  decreased  intensity  and  with  slow  veUKities. 
These  have  not  been  illustrated  in  this  paper  hut  have  been 
observed. 

CONt  I  USIONS 

It  IS  now  pos.sible  to  observe  experimentally  the  formation, 
maintenance,  and  decay  of  individual  patches.  The  patch  is 
the  basic  unit  structure  of  the  irregularities  in  the  equatorial 
region.  The  irregularities  exist  along  lines  of  force  with  prob¬ 
ably  the  higher  altitude  irregularities  accounting  for  the  most 
distant  north-south  patches. 

During  the  development  phase,  a  westward  expansion  of 
the  patch  has  been  noted.  When  the  patch  has  formed,  it  has  a 
limited  east-west  extent.  Once  formed,  it  moves  ea.stward.  At 
equatorial  latitudes  a  connecting  tissue  or  continuing  irregu¬ 
larity  activity  frequently  accompanies  both  the  baefcseatter 
and  the  scintillation  patch.  At  large  distances  from  the  dip 
equator  the  individual  patch  stand.s  out  more  dramatically. 

The  decay  of  the  patch  is  difficult  to  follow,  since  the  slow¬ 
ing  down  of  the  structures  at  times  accompanies  decay.  Future 
theoretical  studies  should  consider  the  patch  characteristics 
established  in  this  study  and  seek  to  explain  the  origin,  main¬ 
tenance,  and  decay  of  the  unit  patch  structure. 

Acknowledgments.  The  observational  ba.se  for  (hi.s  study  <x>ities 
from  many  sources  In  particular,  the  authors  would  like  to  thank  the 
Instituto  GeoAsico  del  Peru  for  it.s  part  in  the  program,  particularly 
the  director,  Alberto  Geisecke.  and  the  technical  staff  A  Bushby,  J. 
Pantoja,  and  J  Lanat  In  addition,  J  P.  Mc'C'lure  kindly  supplied  us 
with  backscatfer  results  from  his  operation  of  the  iicamarca  radar 
Within  AFGL.  assistance  has  been  obtained  from  C  Malik  in  the  As¬ 
cension  Island  studies  Optical  data  and  scintillation  observations 
from  the  AFGL  Airborne  Ionospheric  Observatory  were  kindly  sup¬ 
plied  to  J.  Buchau  and  E.  Weber  The  authors  wish  to  express  their 
lhank.s  to  Sanlimay  Basu  and  Sunanda  Ba.su  for  their  critiques  and 
suggestions.  This  work  was  partially  supported  by  the  Space  and 
Missle  Systems  Organization  under  Project  1227  and  by  the  Defense 
Nuclear  Agency  under  suhtask  125AAXMX64()  Oimmunkations  Ef- 
fecu  Experiments. 

The  Eiditor  thanks  M  C.  Kelley  and  W.  B.  Hanson  for  their  assist¬ 
ance  in  evaluating  this  paper. 


Ri  fKRI  NCKS 

S  .  and  .S  Basu.  {.'itrrelateJ  measurements  of  scintiffations  and 
in  situ  /  region  irregulanlics  from  0<i<)-6.  (ieophv^  ffer  Leu.. 
6K!.  im 

Ra.su.  S  .  and  M  C  Kcflev.  A  review  t>l  rccenl  observations  ol  equa- 
iortal  scintillations  and  ihcir  relationship  t4>  current  the«>rics  of  /  re 
gn»n  irrt‘£ularilv  gcneraiMm.  Radio  Su  .  /•/.  47).  1^7^ 

Basil.  S..  S  Basu.  J  Aarttns.  J  P  Met.  lure,  and  M  I)  Cousins  On 
ihc  cttcsistcncc  «>(  kilonieter-  and  mcter-scalc  irreguiartties  in  the 
ntghiiirne e<piai4>rial  /  region,  y  <ut>phis  Ht’\ 

Calvert.  W  .  and  K  (  4>hen.  The  inierpretatii>n  and  synthesis  of  cer- 
lam  spread  /  ciinliguraiions  appearing  on  cquat4>nat  ii>nograms.  J 
(iinphvs  Rry.ftfi.  tl/S.  I*MI 

(  ohen.  K  .  and  K  I  Howies.  On  the  naliire  4W  equanmal  spread  ■/ 
(ieophys.  Ri‘\  .  f>f>.  lORI.  1961. 

Cosia.  1- .  and  M  C  Kellev.  Calctilalion.s  lU  equatorial  scintillations 
at  V|H-  and  gigahertz  frequencies  based  4>n  a  new  niiHlel  of  the  dis¬ 
turbed  equaii>na(  ionosphere.  f/Vvi/iAiv  Res  1.1‘U  .  y.  677.  1976 
Costa.  t‘...  and  M.  C  Kelley.  On  the  role  o(  sieepened  structures  and 
dnfl  waves  in  equatorial  spread  /•.  J.  (ieophvs  Res .  i<<.  41.S9.  197K 
Dungey.  J  W.  Convective  diffusion  in  the  equatorial  /  regiim.  J 
Atmox.  Terr.  Phys..  9.  .t(>4.  I9S6 

Dy.son,  P  L..  and  K  f-  Ben.son.  lopsrde  Miunder  observalion.s 
equatorial  bubbles,  iieophvs.  Rex.  Leu  .  79^.  1978 

l  arley,  D  1.  B  B  Haisley.  K  I-  Woodman,  and  J  P  Mc-Cture. 
luiuatorial  spread  /  Implications  of  VIM-  radar  observations.  J 
iieophvx  Rex..  "C  7199.  1970 

llaercndel.  (i  .  I  heory  of  equatorial  spread  /  .  report.  Max  Planck 
Inst  fur  Phys.  und  A.sirophys  .  (>arching.  W  (iermany.  1974 
Hudson.  M  K  .  and  I)  I*  Kennel.  Linear  theory  4d  equatorial  spread 

/ .  J  iieophvs-  Res  .  HU.  45HI.  |9?S 

Kelley.  M  C  .  and  [■  On.  Two-dimcnsnmal  turbulence  in  equatorial 
.spread  /.  J  iieophvx.  Rex  .  H.i.  4:^69.  |97K 
Kelley.  M  i  ..  (•  Maerendel.  II  KappIcr.  A  Valenzuela.  B  R  Bat- 
sley.  I).  A.  Carlcr.  W,  L  hcklurtd.  C  W  C  arlson,  B.  Mausler,  and 
K.  Torberl.  Evidence  for  a  Kayleigh-Taylor  type  insiability  and  up* 
welling  i>f  depleted  density  regions  during  equatorial  spread  T. 
(ieophys.  Rex  Lett .  .C  448.  1976 

Kkisremieyer  J  .  Nonlinear  investigation  of  the  vpatial  resonance  ef¬ 
fect  in  the  nighllime  equatorial  T  region.  /  (ieophvs  Res .  H.I. 

I97K. 

Ktister.  J  R  .  and  1'  Beer.  A  new  theoty  of  equatorial  spread  /'.  in 
tono.spheric  Re.xearih  Using  Satellites — An  Interpretation  of  iono' 
spheru  Taraday  Rotation  Oh.servationx  at  the  tifuator.  Depanmenl 
of  Physics,  University  id  (»hana.  Legon.  Accra.  Ghana,  1972 
Mc'C'lure.  /.  P  ,  W  H  Hanson,  and  J.  H  Hoffman.  Plasma  bubbles 
and  irregularities  in  the  equatorial  ionosphere.  J  (ieophys.  Res..  H2. 
2630.  1977. 

Os-sakow,  S.  L..  S  T  Zalcsak,  B  b.  Mcl>onald,  and  P  K,  Chaturvedi. 
Nonlinear  equuit>rial  spread  T:  Dependence  on  altitude  of  the  T 
peak  and  Ndtomside  background  electron  density  gradient  scale 
length.  /  (ieophv.x-  Res  .H4.  17.  1979. 

Roltger.  i..  Drilling  patches  of  equatorial  spread  /  irregularities  lix- 
perimeniul  support  for  the  spatial  resonance  mechanism  in  the  ion¬ 
osphere.  /  Atmos  Terr  Phys.,4U,  1103.  1978. 

Scannapieco.  A  J  .  and  S.  L  Ossakow.  Nonlinear  equatorial  spread 
L\  (ieophys.  Res.  Lett .  y.451.  1976. 

Weber.  J..  J.  Buchau.  R  H.  Bather,  and  S.  B.  Mende.  North-south 
aligned  equatorial  airgU>w  depletions.  /  (ieophvs  Re.s..  H.i.  712. 
197.8 

Woodman.  R  I'.,  and  C  Lalloz.,  Radar  observations  of  T  region 
equatorial  irregularities,  J  (ieophvs.  Res  .  Ml.  5447,  1976. 

(Received  April  II,  1979; 

revised  July  27.  1979; 
accepted  August  21.  1979  ) 


A5 


JOURNAL  OL  liLOPUYSICAL  Kl-.SLARCH,  V»»L  K.>,  NO.  AlU.  PACibS  5119-5130,  OCTOBER  I,  WHO 


Coordinated  Study  of  Equatorial  Scintillation  and  In  Situ  and  Radar 
Observations  of  Nighttime  /•’Region  Irregularities 

Santimay  Bash.'  J  P  McC'niRi Sunanda  Basu,'  W.  B.  Hanson,'  and  J.  Aarons’ 


A  KKtrdinaled  m:i  oI  Aimospheni  l-xplorcr  I-.  lAtvIi)  satcllilc  in  silu,  VML'  radar  backscauer,  and  scin- 
tillaiion  mca.surcment.N  pcrtnrnied  durmr>.  1977  tivcr  a  aimmon  ionospheric  volume  is  used  lo  study  the 
rclaiion.ship  between  the  plasma  depletions  «ir  hubbies,  the  extended  3-m  irregularity  structures  known  as 
plumes  and  bursts  of  scintillation  activity  oi  patches  in  the  nighttime  equatorial  F  region.  It  is  shown  that 
in  the  early  evening  hours  saturated  VIII  and  Hill'  scintillation  and  3-dB  fluctuations  (propagation  path 
in  the  cast  -west  plane  where  the  eflcct  ot  anisotropy  is  least!  at  I  54  GHz  are  obtained  in  association  with 
strong  50  MHz  radar  backscatter.  implying  near  simultaneous  t'min)  excitation  of  large  scale  (—km  to 
IIKI  nil  and  .l-ni  irregularities.  In  this  early  developed  pha.se  of  irregulanties,  the  Ab-B  in  situ  measure¬ 
ments  detect  strong  fluctuations  of  ion  concentration  with  very  sharp  spatial  gradients  The  power  spectra 
ol  these  fluctuations  in  the  scale  length  range  of  10  km  100  m  conform  to  a  power  law  variation  with 
one-dimensional  spectral  index  -1.5  The  postiindnight  period,  on  the  other  hand,  is  found  to  he  charac¬ 
terized  bv  an  absence  ot  radar  hack.scatier  and  presence  of  only  marginal  GHz  scintillation  activity. 
However,  strong  VIII  scintillations  and  srtmewhai  weaker  (Itib  activity  is  found  to  persi.si.  The  AB-E 
measurements  indicate  that  during  the  late  phase,  the  spatial  gradients  of  ion  concentration  become  shal¬ 
lower  and  the  spectral  intensity  of  the  irregularities  -cStltl  m  decrea.ses  by  about  two  orders  of  magnitude 
as  csimpared  with  that  recorded  during  the  onset  pha.se  The  irregularity  spectrum  conforms  to  a  quasi- 
gauvsian  description  with  correlation  lengths  ol  the  order  of  a  kilometer,  which  corresixinds  to  the  Fres¬ 
nel  dimensions  of  Vlll-  scintillation  observations.  The  implications  of  the  obseived  s(iatial  structures  and 
the  level  of  ambient  concentration  on  the  generation  of  3-m  irregulanties  and  scintillation  modeling  are 
discuissed. 


I  In  I  KODUC  I II1N 

Bubbles  and  'plumes'  are  new  terminology  currently  used 
by  geophysicists  to  describe  the  state  of  the  irregular  nighttime 
ec|ualorial  ionosphere  that  have  also  been  identtfied  with  scin¬ 
tillation  patches  by  tbe  pr.ipagalion  communtly  [Ba.tu  and 
Ktllet,  19791  Plasma  bubbles  signify  ihe  spatially  abrupt  and 
irregular  decrc.ises  iicns  o(  kilomclersi  ol  ton  concentration  as 
detected  by  saielliie  .iiitl  rocket  in  situ  iiicasurements  per- 
lormed  over  the  iiighttiinc  cqtialorial  ionosphere  |//(rn.von  and 
Sanalani.  1971;  Ki'Ues  rial..  1976,  MtCtwoeiai.  1977|.  The 
presence  ol  large  upward  (~I5(|  ni/s(  and  smaller  westward 
(lens  of  m/s)  veloci'.y  in  some  of  these  bubbles  has  been  de¬ 
tected.  Ihe  upward  component  being  spatially  structured  and 
Ihe  westward  component  being  more  uniform  Plumes,  on  the 
other  hand,  describe  the  tilted  envelope  of  irregularity  slruc- 
turc’s  observed  at  irregularity  wavelengths  of  1  m  or  less  in  the 
nighitinic  equatorial  fregioi;  that  rise  Irom  continuous  irreg¬ 
ularity  patches  at  lower  altitudes  and  extend  as  di.scrcte  struc¬ 
tures  lo  the  lopside  ionosphere  at  altitudes  as  htgh  as  Kimi  km 
\Wnodman  and  l.aHoz.  1976.  rmiwda  el  ai.  I979|  Such 
plumelike  siructiires  that,  on  (Kcasion.  occur  at  periodic  inter¬ 
vals  were  first  observed  by  Woodman  and  l.aHoz  |I976|  by 
employing  the  digital  power  mapping  icchniquc  lo  hackscat- 
lered  signals  obtained  by  the  .5U-MII/  radar  at  Jicamarca 

Trarisionosplu  rii  conimiinicalion  links  esiahlishcd  near  the 
magnelic  equator  indicate  that  during  nighllime  the  received 
signal  power  over  Ihe  VHF'-CiH/.  hand  exhibits  con.siderabic 
fluctuations,  and  such  scinlillaliun  siructures  are  often  tempo¬ 
rally  discrete.  Preliminary  invesligalions  on  radar  hackscatlcr 

'  I  mmanuel  (  ollegc.  41X1  The  I  enway,  Boslon,  Massachusctls 
117 1 1  s 

■'  (Jniversitv  ,it  Icxav  at  Dallas.  Richardson,  Texas  751111(1 

'  Air  t  oicc  (leophvsics  I  aboraiorv.  Ilanxcom  Air  force  Base,  Bed¬ 
ford.  Massavhuselts  n|73| 
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,p.s  and  .scintillation  activity  near  the  magnetic  equator 
(lowed  thai  the  plume  structures  give  rise  to  intense  scintilla- 
tton  activity  at  VHP  and  UHF  l^a.ru  ei  ai,  I977J.  The  coexis¬ 
tence  of  kilometer  and  meter-scale  irregularities  [Basu  et  ai. 
I97K|  in  the  nighllime  equatorial  F  region  was  indeed  reveal¬ 
ing  from  the  point  of  view  of  plasma  prextesses.  It  provided  an 
impetus  tcir  performing  coordinated  radar  and  .scintillation 
measurements  near  the  magnetic  equator  that,  in  addition  to 
conlirming  the  above,  yielded  interesting  results  on  the  local¬ 
ized  generation,  the  drift,  and  the  decay  of  irregularity  struc¬ 
tures  that  give  rise  to  plume  structures  and  scintillation 
patches  \Bam  and  Aarons.  1977;  Aarons  el  ai,  1978,  1980), 

It  may  he  noted  that  scintillation  observations  in  the  VHF- 
tillz  range  sample  the  ionospheric  irregularities  with  wave¬ 
lengths  ranging  from  about  a  few  kilometers  to  100  m,  the 
bubble  signature  in  the  in  situ  measurements  implies  the  pres¬ 
ence  of  irregularities  in  the  wavelength  range  of  several  tens  of 
kilometers  down  to  few  lens  of  meters,  whereas  the  50-MHz 
radar  samples  the  irregularities  at  a  particular  wavelength  of  3 
m  at  various  ranges. 

In  this  paper  the  phenomena  of  bubbles,  plumes,  and  scin¬ 
tillation  patches  in  the  nighttime  equatorial  F  region  are  criti¬ 
cally  examined  from  a  coordinated  set  of  in  situ,  radar,  and 
scintillation  measurements  performed  over  a  nearly  common 
ionospheric  volume  The  purpose  of  Ihe  paper  is  to  study  the 
evolution  and  decay  of  the  plume  structures  and  .scintillation 
activity  over  Ihe  VHF-GHz  band  in  relation  to  the  observed 
spatial  structures  of  ion  concentration  within  the  plasma  bub¬ 
bles.  The  need  for  such  a  study  has  recently  been  emphasized 
in  the  U.S.  National  Report  on  ionospheric  irregularities  pre¬ 
sented  at  Ihe  lUCifj  meeting  at  Australia  in  December,  1979 
|r/».vuA«K',  1979] 

2.  Observations 

The  ctKirdinated  set  of  measurements  performed  on  March 
21.  1977  (LIT  dale)  is  indicated  in  Figure  I.  AI  Jicamarca  (ab- 


Paper  number  H0A0X51 
0 1 4S  -02  2  7  /  xo/oitO A-OX  5  l$n  I  (Ki 


5119 


5120 


BaSU  kT  Al.  .  NKiHTTlMt  F  RkCilON  EQUATORIAL  iRRKfiUl.AKITIIiS 


MARCH  21,  1977 


Fit.  I.  Locukm  ci  50-MHz  twckicaller  ruUr  a(  Jicainirca  (2IC).  the  subutellile  tracks  of  Almosphenc  Esplorer  E 
(AE-E)  during  orbit  numbers  7048,  7049,  and  7050  and  subionospheric  positions  (rererred  to  an  altitude  of  400  km)  of 
santillation  measurements  performed  at  Ancon  <A|  and  Huancayo  (H)  with  various  geostationary  satellites  on  March  21. 
1977,  are  indicated.  The  satellites  Lcs  8.  Les  9.  ATS  ),  Goes  I  and  Marisat  are  abbreviated  as  L  8.  L  9.  A  3.  G  I.  and  MAR. 
respectively.  The  projection  of  the  earth's  magnetic  field  al  the  ionospheric  height  is  shown  by  dotted  lines. 


lyrevUted  as  JIC  in  the  diagram)  with  a  magnetic  dip  location 
of  2°N,  a  SO-MHz  radar  backscalter  map  of  echo  power  from 
3-m  inegularities  at  F  region  heights  was  obtained  by  using  a 
modification  of  techniques  developed  by  Wooilmaii  and  La- 
Hoz  |I976|. 

From  the  two  ground  stations  at  Ancon  (A)  and  Huancayo 
(H),  multifrequency  scintillation  observations  were  performed 
with  various  geosutionary  satellites.  The  satellites  ATS  3  (A 
3)  and  Goes  I  (G  I )  provided  transmissions  at  I3T  MHz.  Les  8 
(L  8)  and  Les  9  (L  9)  satellites  provided  transmissions  at  249 
MHz,  and  Marisat  (MAR)  provided  transmissions  at  both  257 
MHz  and  1.54  GHz.  The  intersections  of  the  400-km  kmo- 
spberic  height  with  the  propagation  paths  from  different 
geostationary  satellites  to  the  two  ground  stations  are  in¬ 
dicated  in  the  diagram  by  the  first  letter  of  the  ground  station 
(A  or  H)  followed  by  the  abbreviated  name  ui  the  satellite  as 
indicated  earlier.  The  subionospheric  positions  of  Les  8  and 
Les  9  satellites  varied  consideraMy  during  the  period  of  obser¬ 
vations  owing  to  the  finite  orbital  inclination  of  the  satellites. 
As  such,  along  the  locus  of  the  subionospheric  positions  of 


these  satellites  the  universal  times  0200, 0400,  and  0600  are  in¬ 
dicated.  It  may  thus  be  noted  that  by  scintillation  measure¬ 
ments  the  ionospheric  volumes  lying  within  the  longitude 
swath  of  67°W  to  SO^W  were  probed  at  intervals  of  only  a 
few  degrees. 

On  March  21.  1977,  three  successive  transits  of  Atmo¬ 
spheric  Explorer  E  (AE-E)  satellite  occurred  between  0200 
UT  to  0530  UT  over  the  longitude  interval  under  study.  The 
subsatellite  tracks  of  AE-E  for  the  three  successive  orbits  7048. 
7049,  and  7050  are  shown  in  Figure  I  with  the  universal  times 
marked  along  the  track.  It  should  be  noted  that  these  orbits  of 
AE-E  were  nearly  circular  with  a  nominal  altitude  of  250  km. 
In  the  present  study  we  shall  utilize  the  data  obtained  by  the 
retarding  potential  analyzer  (RPA)  and  the  ion  drift  meter  in¬ 
struments  on  board  the  AE-E  satellite.  A  complete  description 
of  the  instruments  and  the  data  acquisition  system  can  be  ob¬ 
tained  in  Hanson  el  al..  |I973]  and  Hanson  and  Heelis  (1975). 
The  RPA  provides  the  total  ion  concentration  every  4.45  ms 
corresponding  to  3S-m  spatial  resolution  along  the  orbital 
track.  The  ion  drift  meter  provides  data  on  plasma  arrival  an- 
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j;lcs  (pilch  anil  yaw)  with  rcspcci  In  the  attitude  of  the  spacc- 
cratt  The  total  ion  concentration  i.s  also  available  from  this 
instrument  every  l/lh  of  a  second  corresponding  to  a  spatial 
resolution  of  about  MH)  m  Since  charge  neutrality  can  be  as¬ 
sumed  al  F  region  heights,  ihe  electron  concentration  can  be 
identihed  with  Ihe  total  ion  concentration  provided  by  Ihe  in¬ 
struments  This  assumption  is  important  as  both  radar  back- 
scatter  and  scintillations  .<re  caused  by  the  electron  density 
fluctuations  in  Ihe  ionosphere 

t  Ktsciis 

a  Radar  Measurements 

In  I  igiire  2  we  show  the  results  of  50-MH/,  radar  backscal- 
ler  observations  al  Jicamarca  made  on  March  2(1  21,  1977,  be¬ 
tween  19(H)  I  f  and  0140  I.T  The  diagram  illustrates  the  tem¬ 
poral  variation  ol  range  and  intensity  of  2-m  irregularities 
observed  on  this  night.  1'he  range  and  lime  scales  are  given  by 
the  ordinate  and  abscissa,  respectively,  while  the  intensity  of 
the  echo  power  is  provided  by  the  difl'eieni  shades  in  the 
range  ol  (>  4S  dB  above  a  reference  power  level  corresponding 
lo  one  iiuaner  of  the  approsimalc  maximum  incoherent  scat¬ 
ter  level 

It  may  be  noted  that  the  radar  commenced  to  detect  weak 
f  m  irregularities  from  an  altitude  of  about  3(X)  km  at  I930 
I  f  Che  layer  thickness  ol  weak  irregularities  increased  pro- 
grcssivels  to  about  2“!  km  al  2010  LT,  after  which  a  senes  of 
intense  and  spectacular  plume  structures  were  observed  Some 
ol  these  plumes  extended  all  the  way  from  the  bottoniside  F 
region  to  7iHI  km.  the  aliunde  limit  of  Ihe  backscatler  maps 
pieseiiled  here. 

C  oncenlraling  on  the  lowest  altitude  of  backscatler  returns 
shown  in  I  igure  2  we  observe  a  giadual  rise  of  the  minimum 
altitude  al  the  commencement  (I9.f0  1.1  lo  2010  I.T),  a  cusp- 
like  allilude  modulation  of  the  first  plume's  underside 
around  2030  L.T  and  a  gradual  but  spectacular  fall  between 
2100  1 1  lo  2230  LT  from  .150  km  lo  11(3  km.  While  the  initial 
rise  and  iinal  fall  can  he  related  to  Ihc  typical  behavior  of 
eituatorial  T  layer  after  sunset,  Ihc  altitude  modulation  of  Ihe 
iHiiiom  ol  the  3-m  echo  region  is  rather  significant.  Such  in¬ 
trusions  a  .siKialed  with  the  Rayleigh-Taylor  instability  \Bal- 
sley  et  al .  1972,  HaerrnJel.  1974)  have  been  schematically  rep¬ 
resented  by  Woodman  and  LaHoz  |I976|  and  recently 
demonstrated  by  computer  simulations  of  Ihe  collisional 
Rayleigh-Taylor  instability  with  initial  long  wavelength 
plasma  density  perturbations  j/a/rtuA  el  al..  I97tl|.  It  may  be 
of  inieresi  to  note  that  such  intrusions  are  most  marked  in 
plumes  that  are  delected  early  in  Ihe  evening 


A  Srinidlatinn  Measurements 

l  igures  3a  and  3h  show  the  results  of  multifrequency  scin¬ 
tillation  measurements  performed  at  the  two  ground  stations. 
The  dilferent  panels  in  Figure  3a  are  arranged  from  top  to 
bottom  in  the  order  of  decreasing  west  longitude  of  the  sub- 
ionospheric  position  (intersection  of  the  propagation  path 
with  4f)0-km  ionospheric  height)  over  the  interval  of  about 
79‘’W  to  75“W  The  precise  subionospheric  location  of  propa¬ 
gation  paths  for  the  diflerent  panels  may  be  obtained  from 
Figure  I.  bach  panel  in  the  diagram  shows  the  temporal  vari¬ 
ation  of  scintillation  index  in  dB  [Whitney  et  al.  1969]  as 
scaled  from  the  data  over  successive  2.5-min  intervals.  The  dif¬ 
ferent  panels  in  Figure  36  are  similarly  arranged  in  the  order 
of  decreasing  west  longitude  of  the  subionosphenc  position 
covering  Ihc  longitude  interval  of  75°W  to  67,5'’W  and  in¬ 
dicate  the  temporal  variation  of  scintillation  index  (dB)  on  re¬ 
spective  propagation  paths. 

Considering  the  different  dynamic  ranges  of  VHF  receivers, 
we  conclude  from  panels  2,  3  and  4  of  Figure  3a  that  VHF 
scintillations  were  saturated  for  more  than  4  hours  on  all  VHF 
links.  The  UHF  links  (panel  I  in  Figure  3a  and  panels  I.  2. 
and  3  in  Figure  36)  also  attained  saturation  levels  but  over 
shorter  periods  of  time  lasting  for  about  2  hours.  It  should  be 
noted  that  Ihe  dynamic  ranges  of  VHF  receivers  at  Huancayo 
were  limited  to  about  16  dB.  whereas  the  receivers  at  Ancon 
had  wider  dynamic  ranges  extending  to  about  25  dB. 

In  order  lo  compare  the  temporal  behavior  of  3-m  irregu¬ 
larity  structures  obtained  from  the  radar  power  map  (Figure 
2)  and  the  integrated  strength  of  kilometer  scale  irregularities 
provided  by  scintillation  measurements,  we  find  that  the  ob¬ 
servational  result  of  the  communication  link  between  the 
Goes  satellite  and  Ancon  station  (panel  3  of  Figure  3a)  is  most 
suitable.  The  propagation  path  of  this  link  was  located  only  10 
km  lo  the  cast  of  the  radar  illumination  at  400-km  altitude 
and  thus  the  radar  and  scintillation  measurements  pertain  to  a 
neatly  common  ionospheric  volume.  In  view  of  the  spatial  lo¬ 
calization  of  nighttime  irregularity  structures  in  the  east-west 
direction  |.4arun.t  et  al..  1978;  Basu  and  Aarons,  1977],  it  is  im¬ 
portant  that  the  radar  and  scintillation  measurements  probe 
ionospheric  volumes  that  are  separated  by  not  more  than  a 
few  tens  of  kilometers  in  the  east-west  direction.  Comparing 
panel  3  of  Figure  3a  with  Figure  2,  we  note  that  the  onset  of 
137-MHz  scintillations  did  not  occur  before  0050  UT  (1950 
LT  at  75°W  meridian)  although  the  radar  was  detecting  a 
weak  and  thin  layer  of  3-m  irregularities  at  300  km  for  nearly 
20  min  pnor  to  this  time.  It  is  not,  however,  clear  if  the  back- 
scattcr  return  during  this  time  truly  represents  an  irregularity 
layer  or  merely  shows  the  signature  of  partial  reflections  from 
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Fig.  3.  (a)  Temporal  varialion  of  scinlillalioiu  recorded  on  dilTercnl  propagation  paths  over  the  subionotpheric  longi¬ 
tude  interval  of  79°W-7S°W  straddling  the  radar  site  at  licamatca.  (ft)  Same  as  in  Figure  3o  over  the  subionoephenc  lon¬ 
gitude  interval  of  75”W-*7°W. 


slurp  vertical  gradicnu  in  electron  concentration  [BaUey  aiut 
Fartty,  19751.  Shortly  thereafter,  at  2015  LT.  an  explosive  de- 
velopment  of  VHF  scintillation  to  saturatiott  occun  in  con- 
junctioa  with  moderately  strong  (18-36  dB)  backscatter  returns 
from  3-m  irregularities  extending  over  an  altitude  interval  of 
about  100  km.  After  this  event,  the  radar  map  exhibits  a  series 


of  specUcular  plume  structures  until  about  2250  LT,  while 
VHF  scintillations  remain  saturated.  The  radar  fails  to  detect 
any  conspicuous  irregularities  after  2300  LT  except  for  some 
marginal  backscatter  prior  to  0100  LT. 

Scintillation  measurements  on  Ancon  (Goes)  path  indicate 
that  scintillations  persist  until  0200  LT  (or  07(X)  UT)  and,  in 
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fact,  saturated  VHb  sciniillaiions  are  observed  between  2250 
IT  and  0100  LT  when  the  radar  failed  to  detect  any  con¬ 
spicuous  hack.scatter  events.  The  intercomparison  confirms 
the  earlier  findings  of  Basu  el  ai  |I978|  that  kilometer  and 
meter  scale  irregularities  coexist  in  the  early  phase  of  equa¬ 
torial  irregularity  generation  during  nighttime,  but  in  the  late 
pha.se.  even  though  the  meter  .scale  irregularities  decay  the  ki¬ 
lometer  scale  irregutanties  persist  for  several  hours  longer. 

A  study  of  the  different  panels  of  Figures  3<i  and  3h  in¬ 
dicates  that  the  irregularity  structure  that  caused  scintillations 
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3fr 

.shown  in  panels  2.  3,  and  4  in  Figure  3a  between  0040  UT 
(1940  LT)  and  0200  UT  and  also  backscattered  the  50-MHz 
signal  at  iicamarca  covered  a  longitude  interval  of  at  least 
TS'W  to  78°W.  The  structure  did  not  extend  much  farther  to 
the  west,  as  the  UHF  propagation  link  from  Ancon  to  Les  8 
(panel  1  in  Figure  3o)  failed  to  detect  any  scintillations  during 
this  period.  On  the  other  hand,  the  irregularity  structure  that 
caused  scintillations  on  Ancon  (L  8)  propagation  path  be¬ 
tween  0140  UT  and  OSOO  UT  is  expected  to  drift  eastward,  in¬ 
tercept  various  propagation  paths  to  the  east  and  cause  sdntil- 


50 


5124 


Basi'  i:r  Ai.  NKfimiMi  A  RmioN  hoxAroKiAi  /kki  <>i'i  akimks 


Fig.  4.  East'wesI  drift  ohuined  on  March  2f.  1*^77.  from  spaced  receiver  (east-west  haseline:  tf»6  mt  scintillation  iiiea 
surentenLs  at  Ancon  hy  using  24d-MII/  transmissions  from  I.es  4  satellite 


lations  until  the  structure  decays  as  determined  hy  its  lifetime 
The  temporal  behavior  of  scintillations  at  one  position  is  thus 
determined  by  the  local  generation  of  irregularities  as  well  as 
the  drifting  irregularities  from  the  west  that  intercept  a  given 
propagation  path.  We  had  cc>mmented  earlier  on  the  rela¬ 
tively  shorter  lifetime  of  3-ni  scale  irregularities  as  compared 
with  the  kilometer  scales  from  a  comparison  of  radar  and 
.scintillation  observations  From  panel  4  of  Figure  ih  we  note 
that  I.S4-GHZ  scintillations  on  this  night  ceased  after  0400 
UT.  corresponding  to  2330  LT  at  the  longitude  of  the  sub- 
ionospheric  position  (67.5°W)  although  VHF  and  UHF  scin¬ 
tillations  at  various  longitudes  persisted  several  hours  longer 
It  is  not  possible  to  compare  the  features  of  (<FI/  scintillation 
event  with  the  radar  backscatter  event  owing  to  'he  wide  lon¬ 
gitude  separation  of  the  ionospheric  volumes  probed  by  the 
two  techniques.  However,  on  a  statistical  basis,  we  note  that 
during  1976-1977.  the  radar  at  Jicamarca  did  not  record  con¬ 
spicuous  3-m  irregularity  structures  in  the  postmidnight  pe¬ 
riod.  and  the  GHz  communication  link  with  Marisat  over  the 
east-west  plane  continued  to  record  scintillations  after  the 
decay  of  meter  irregularities  but  failed  to  reaird  conspicuous 
(>l  dB)  scintillation  events  during  the  postmidnight  penod 
In  order  to  obtain  information  on  the  dynamics  of  iono¬ 
spheric  irregularities  causing  scintillations,  drift  speed  mea¬ 
surements  were  made  by  performing  spaced  receiver  scintilla¬ 
tion  observations.  The  measurement  was  made  at  Ancon  by 
the  use  of  249- MHz  transmissions  from  Les  9  and  recording 
scintillations  on  two  receiving  systems  placed  on  an  east-west 
baseline  of  366  m.  The  apparent  irregularity  drift  in  the  east- 
west  direction  was  determined  from  a  cross-correlation  analy¬ 
sis  of  the  spaced  receiver  data  IBriggs  and  Golley.  I96K).  The 
present  drift  measurements  from  scintillation  observations 
give  the  weighted  average  value  and.  as  such,  provide  infor¬ 
mation  on  the  irregularity  drift  around  the  F  region  mazi- 
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Fig  5  Spatial  variation  of  ion  conccnlration  recoided  by  the  ion 
drift  meter  on  AF.-F.  orbit  7048  on  March  2t.  1977  Satellite  atliliide 
(ALT),  magnetic  local  lime  (MLT).  dip  latitude  (l)IPLAT  |.  and  geo- 
graphK  longitude  (LONG)  are  indicated  in  the  diagram 


mum  Figure  4  shows  (he  temporal  variation  ,i(  drift  observed 
on  March  21.  1977  The  maximum  cross-corrclalion  tocfli- 
cienl  for  these  conipiilalions  exceeded  0  7  except  lor  lour  data 
points.  The  local  time  (I  T)  at  the  stibionosphcrie  location  was 
I  T  =  UT  -  S  h 

The  irregularities  are  found  to  drift  in  the  cast-west  direc¬ 
tion  just  as  the  background  plasma  in  the  equatorial  F  region 
drifts  during  the  nighttime  houis  \lii\hheih.  1971.  \FouJman, 
1972)  The  drift  speed  is  found  to  increa.se  from  I3(;  m/s  to 
values  as  high  as  200  m/s  in  the  early  pha.se.  and  during  this 
period,  considerable  fluctuations  of  drift  speed  are  observed. 
It  should  be  noted  that  because  of  the  finite  zenith  angle  of 
these  observalions.  the  apparent  ca.stward  drift  will  he  af¬ 
fected  by  an  existing  vertical  drift  of  the  irregularities.  Under 
normal  conditions  the  vertical  velocity  is  generally  a  small 
fraction  of  the  horizontal  drift  and  hence  for  the  geometry  un¬ 
der  consideration,  errors  will  probably  not  exceed  20'*<.  How¬ 
ever.  on  octa.sion.s.  highly  structured  vertical  velocilies  within 
bubbles  have  been  measured  by  in  situ  and  radar  techniques 
\Bahley  ri  al .  1972;  Woodman  and  ImHoz.  1976;  McClure  et 
ai.  I977|  It  appears  that  the  large  fluctuations  in  the  apparent 
horizontal  velocity  recorded  in  the  early  phase  may  be  cau.sed 
by  such  structures  in  vertical  velocity, 

c.  In  Situ  Measurement 

We  shall  now  discu.ss  the  in  situ  results  obtained  by  the  AF- 
E  satellite  over  three  successive  orbits:  704X.  7049.  and  7050 
The  geometry  of  these  orbits  relative  to  the  ground  stations  is 
illustrated  in  Figure  I.  and  the  nominal  satellite  altitude  was 
250  km  for  all  these  orbits. 

Orbit  71)411.  From  Figure  I  it  may  be  noted  that  the  satel¬ 
lite  forbilal  inclination  19.73°)  was  travelling  from  northwest 
to  southeast  and  the  track  was  somewhat  to  the  north  of  the 
dip  equator,  along  which  various  ionospheric  locations  were 
probed  by  radar  and  scintillation  measurements.  The  ion  con 
centration  data  acquired  by  the  ion  drift  meter  are  shown  in 
Figure  5  al  0.5-s  interval.  The  figure  provides  an  overall  view 
of  the  large  ion  concentration  fluctuations  that  existed  be¬ 
tween  21  23  MLT  over  the  longitude  interval  of  70° W  to 
42°W.  F.ven  though  the  satellite  was  sampling  al  an  altitude 
of  250  km.  the  relative  ion  concentration  fluctuations  recorded 
by  it  correspond  to  those  existing  at  higher  altitudes  over  the 
magnetic  equator.  This  is  because  the  plasma  within  the  entire 
field  lube  takes  part  in  the  instability  process,  and  the  relative 
ion  concentration  fluctuations,  at  least  at  large  scale  lengths, 
can  be  mapped  along  the  field  lines.  At  the  extreme  left-hand 
edge  of  the  orbit,  at  approximately  0216  UT  (2116  LT).  the 
satellite  location  maps  up  the  field  lines  to  an  altitude  of  390 
km  over  Jicamarca.  Owing  to  the  orbital  inclination,  the  satel¬ 
lite  liKalion  further  to  the  cast  near  67. 5° W  longitude  al  02 IX 
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Ti^  A  A  Vn  sample  hI  high  rcailulion  KPA  Jala  of  relative  amplitude  obtained  on  orbit  704X  indicattng  the  presence 
ol  sleep  spatial  gradients  of  ion  concentration  before  the  satellite  entered  a  deep  hile-oul  region  in  the  early  phase  of  irreg- 
ularits  generation  The  satellite  location  maps  along  the  earth's  magnetic  held  lines  to  a  f-m  plume  structure  over  Jica- 
marca.  The  irregularity  amplitude.  (SKiMA),  the  ton  concentration  (Nl)  al  the  beginning  of  the  data  interval,  the  satellite 
altitude  ( Al.  I'l.  [he  sine  of  the  angle  between  the  magnetic  held  (B)  and  the  satellite  velocity  (V)  vectors,  the  dip  latitude 
(l)IPl-AT).  geographic  longitude  (I  ONti),  and  the  universal  lime  tUT)  are  indicated  in  the  hgurc 


1) T  t-Mh  I  I  I  maps  to  an  alliludc  of  .1IKI  kni  over  the  .sub- 
ionosphcric  position  ol  sciniillalion  observations  with  Marisai 
satellite  from  Huancavo,  H(MAK).  If  we  examine  the  radar 
batkscallcr  map  shown  in  figure  2,  we  find  that  the  bottom 
edge  of  h  region  irregularities  was  not  above  270  km  at  2116 
L  I  and  220  km  at  2148  I.T  I  hus  the  relative  ion  eoncentra- 
iton  lluctuations  detected  by  the  salelUte  in  this  orbit  do  in¬ 
deed  correspond  to  fluctuations  at  A' region  heights  above  the 
dip  equator.  1'he  scintillation  observations  detected  intense  A' 
region  irregularities  near  the  dip  equator  over  the  longitude 
swath  of  77°W  to  67“W  in  agreement  with  the  large  ion  con¬ 
centration  llinliialions  present  in  the  in  situ  data. 

We  sh,ill  ni'v.  make  a  detailed  comparison  of  the  radar 
hackscalter  and  in  situ  ton  concentration  data  obtained  in  or¬ 
bit  7(148  As  was  inentioiied  earlier,  (he  satellile  location  at 
1)21858  I  IT  maps  up  along  magnetic  field  lines  to  an  altitude 
of  .740  km  above  Jicamarca  where  the  radar  measurements 
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fig  7  Power  spectrum  of  the  linearly  detrended  data  corre- 
sTKinding  III  the  sample  shown  in  f  igure  A  ohiained  hy  the  P  AT  (dots) 
and  maximum  entropy  (solid  tinel  techniques,  respectively 


were  performed  Figure  2  shows  that  at  that  lime,  this  altitude 
corresponds  to  the  beginning  of  the  second  plume  structure,  in 
.situ  data  corresponding  to  which  has  been  discussed  by  J.  P 
McClure  et  al.  (unpublished  manuscript,  1980).  Here  we 
.show  in  Figure  6  the  relative  change  of  ion  concentration  ob¬ 
tained  from  the  RPA  in  the  high  resolution  (35  m)  mode  over 
a  3-s  interval  (24  Itm)  beginning  al  021617  UT  when  AE-E 
was  east  of  Jicamarca.  The  relative  amplitude  in  the  diagram 
signifies  AA//V.  where  AW  is  the  change  in  ion  concentration 
from  the  ion  concentration  (W)  at  the  beginning  of  a  3-s  inter¬ 
val.  The  numbers  al  the  top  of  the  diagram  denote  the  square 
root  of  the  variance  of  AW/W  expressed  as  a  percentage 
(SIOMA%).  the  average  ion  concentration  [Nl),  the  angle  be¬ 
tween  the  satellite  velocity  (F).  and  magnetic  field  vector  (B) 
as  well  as  the  parameters  that  signify  the  satellite  altitude  and 
ItKation  In  view  of  the  eastward  motion  of  the  satellite  and 
the  large  angle  between  the  satellite  and  magnetic  field,  the 
extremely  steep  gradients  of  ion  concentration  portrayed  in 
Figure  6  correspond  to  the  gradients  approximately  in  the 
magnetic  east-west  direction.  The  presence  of  such  steep  gra¬ 
dients  is  found  to  be  a  charactenslic  of  the  irregularity  struc¬ 
tures  over  the  dip  equator  in  the  evening  hours.  The  steep 
.structures  that  we  observe  to  the  east  of  Jicamarca  are  prob¬ 
ably  as-socialed  with  the  first  plume  if  the  prevailing  irregular¬ 
ity  drift  (Figure  4)  is  taken  to  account.  A  similar  situation  is 
discussed  by  J  P  McClure  el  al  (unpublished  manuscript. 
1980)  for  orbit  7049  when  the  satellite  was  much  closer  to  the 
radar  site. 

T  he  KPA  data  of  total  ion  concentration  shown  in  Figure  6 
was  linearly  detrended,  and  the  zero  mean  time  series  of  posi¬ 
tive  and  negative  fluctuations  ol  AW/W  was  obtained.  W  being 
derived  from  the  trend  line  I  he  power  spectrum  for  this  time 
series  was  then  obtained  from  both  the  EFT  and  maximum 
entropy  method  (MEM)  of  spectral  analyses.  The  FFT  pro¬ 
gram  was  the  same  as  the  one  used  earlier  by  Dyson  et  at. 
|I974|.  The  spectra  were  normalized  .such  that  the  integral  of 
Ihe  fluctualion  power  /A'LO^fover  the  observed  frequency  (/) 
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hig  H  Same  as  in  f  igure  5  recorded  after  the  aalellilc  emerged  from  the  deep  hiie-oul  region 


range  equab  (he  variance  of  the  original  lime  series  of  IN/IV. 
The  frequency  (/)  scale  was  converted  to  irregularity  wave¬ 
length  (X)  by  using  the  relation  X  v.//.  where  v,  is  the  satel¬ 
lite  velocity.  In  view  of  its  geophysical  importance,  we  shall  il¬ 
lustrate  (he  power  spectra  in  terms  of  irregularity  wavelength. 
Figure  7  shows  the  power  spectrum  of  AW//?  of  the  RPA  data 
illustrated  in  Figure  6.  The  dots  indicate  the  spectral  estimates 
obtained  by  the  FFT  technique  and  (he  solid  line  represents 
(he  MEM  spectrum.  It  should  be  kept  in  mind  (hat  (he  above 
spectrum  obuined  from  in  situ  data  is  a  one-dimensional 
power  spectrum  of  AA///V.  If  we  neglect  (he  somewhat  Hat 
portion  of  the  spectral  intensity  at  large  irregularity  wave¬ 
lengths  (>S  km),  (hen  the  overall  spectrum  can  be  described 
by  a  power  law  variation  In  terms  of  frequency  (/).  the  nor¬ 
malized  spectral  intensity  (.V)  of  relative  ion  concentration 
(AXf/Xf)  fluctuations  illustrated  in  Figure  7  can  be  expressed 
as  S  —  0  025/  '  ’  Translating  the  frequency  in  terms  of  irregu¬ 
larity  wavelength  (X).  the  spectrum  may  be  represented  as  S  « 
X'  '  The  corresponding  spectral  intensity  ( P)  of  ion  concentra¬ 
tion  deviation  (AAf)  can  be  obtained  by  multiplying  .V  by 
In  general,  (he  one-dimensional  spectral  intensity  as  provided 
by  the  in  situ  measurement  has  been  expressed  as  /*  ■>  (  '."V  ”. 

At  -  I  7048 

MfjMA  %  23  0i7 
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where  CV"  is  defined  as  the  one-dimensional  strength  of  tur¬ 
bulence  IPino.  If7‘f|  and  n  is  the  one-dimensional  spectral  in¬ 
dex.  For  the  daia  sample  shown  in  Figure  1.  N  —  I  34  x  10"' 
m  ‘  and  therefore  P  =  4  5ft  x  10'“  /  '  '  m  mks  units,  which 
gives  =  4.56  X  10'"  mks. 

For  a  turbulence-type  distribution  of  irregularities,  a 
knowledge  of  one-dimensional  irregularity  power  spectrum 
obtained  from  in  situ  measurements  and  information  on  ir¬ 
regularity  layer  thickness  as  may  be  derived  from  radar  back- 
scatter  observation  is  sufficient  for  an  estimation  of  the  level  of 
scintillations  in  the  framework  of  phase  screen  theory.  1  he 
power  spectrum  shown  in  Figure  7  corresponds,  however,  to 
the  data  sample  (Figure  ft)  that  exhibits  sleep  spatial  gradi¬ 
ents.  The  implications  of  such  steep  gradients  for  irregularity 
generation  \Chalurvedi  and  fXs.soXow.  W77;  Casta  and  Kelley, 

1978)  and  modeling  of  scintillations  [Wernik  el  at.,  I979|  for 
special  propagation  conditions  will  be  di.scu.vsed  later.  From  a 
study  of  the  variable  inclination  of  the  plume  structures  in  ra¬ 
dar  backscalter  maps  |  Woodman  and  l^iHoz,  I976|  and  struc¬ 
tured  upward  drift  speeds  of  the  irregularities  obtained  from 
in  situ  measurements  \McClure  el  at ,  t977|.  the  sharp  gradi¬ 
ents.  so  evident  in  den.sity  fluctuations  at  one  altitude  may 
not,  in  general,  be  preserved  in  the  integrated  electron  devia¬ 
tion  AA(.  While  we  recognize  (he  signihcance  of  steep  spatial 
gradients  of  density  in  delineatmg  the  generation  mechanism 
of  irregularities  and  its  importance  in  scinlillalion  computa¬ 
tions  when  the  propagation  path  is  aligned  with  (he  sleep  den¬ 
sity  structures  over  the  entire  irregularity  layer  thickness,  we 
consider  that,  in  general,  the  assumption  of  a  turbulent  type  of 
integrated  electron  density  deviation  is  appropriate  for  esti¬ 
mating  scinlillation  effects.  For  the  analytical  form  of  power 
spectrum  di.scus.sed  in  the  previous  paragraph,  the  one-dimen¬ 
sional  strength  ot  turbulence  is  =  4  56  x  l0'“  mks  and  the 
spectral  index  of  I  7  may  be  used  to  obtain  the  (hree-dimen- 
.sional  strength  of  turbulence  as  C,  -’Fix  l0'“  mks  lAino. 

1979]  The  above  value  of  C.  pertains  to  the  .satellite  altitude 
of  25(1  km.  and  since  for  a  constant  irregularity  amplitude 
{AN/N)  the  strength  of  turbulence  scales  as  the  square  of  elec¬ 
tron  concentration,  its  value  at  400-km  altitude  above  the  dip 
equator  is  expected  to  be  of  the  order  of  l(F"  mks  if  we  assume 
(hat  the  local  electron  concentration  above  the  dip  equator  is 
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t  ig  IMot  t'l  M)t*  sp.ttiiil  v.iri<itii)n  t>t  mn  conceniration  oh- 
laineJ  Irom  the  urn  drtft  meter  at  (t  5-s  interval  on  AE-li  orhit  7049 
over  (he  longiiuite  interval  ol  interest 

10  ‘  ni  '  H'suih  levels  ol  turbulence  strength  (C*.  *  pre¬ 
vail  over  an  altitude  extent  ol  lot)  km  as  depicted  by  the  radar 
piswer  map,  intensity  scintiUaiUins  of  2  dB  are  expected  on  L 
band  Irequcncies  for  overhead  propagation  paths.  We  note 
that  intensity  scintillations  on  the  Mari.sat  propagation  path 
aligned  close  to  the  magnetic  cast-west  direction  did  not  ex¬ 
ceed  VdB  level  at  I  .^4  (iH/  on  this  night 

As  the  >atclii(e  moves  turihcr  eastward  pu.st  Jicamarca,  it 
records  a  deep  bile  out  of  ion  concentration  below  10''  m  '  at 
0217  UT  (t  igure  llntvirtunatcly.  at  such  levels  of  ion  con- 
centralKMi  (v  10"  m  ')  the  signal  gets  buried  tn  noise  picked  up 
by  the  electronicicr  [Han.utn  and  //c<’/i.v.  I975|  precluding  any 
study  o(  the  iireguianty  power  spectrum  within  the  large-scale 
depletion  The  satellite  remained  within  it  until  021736  when 
(he  KPA  laded  Ut  record  ion  concentrations  above  10'*  ra  V 
I  he  east  west  dimension  of  the  bite-out  region  is  about  240 
km  cv>TTesponding  lo  ihc  time  interval  of  36  s.  Only  6  s  later, 
at  02174?.  the  satellite  emerges  from  the  bite-out  region  and 
steep  spatial  density  structures  are  again  recorded  by  the  RPA 
as  illustrated  in  f  ir.ire  H.  The  spectrum  (dr  (he  data  sample  is 
shown  tn  I  igurc  9.  and  the  spectral  intensity  of  relative  ton 
amcentraoon  (.S')  again  conforms  to  a  power  law  variation 
with  frequency  {n.  and  the  normalized  spectrum  can  be  ex¬ 
pressed  its  S  •  0  027/  '  '■  4>f  S  oc  A'  ^  where  A  is  the  iireguianty 
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wavcIciiMlh  Considering  Ihc  average  ion  concentration,  the 
.strength  ol  lurhuleiice  for  the  above  spectrum  is  obtained  as 
(',  =  2  X  IlK"  mks,  which  is  consistent  with  the  observed  GH/ 
scintillations 

Orhii  7IM0  I  he  orbit  crossed  the  longitude  interval  ol  in¬ 
terest  hclwccn  (HM)  1;  I  and  lB.‘>4  II  I  as  indicated  in  F  igure  I 
and  passed  only  l.3'’S  of  Jicamarea.  The  ion  concentration 
acquired  every  O.S  s  by  the  ion  drlH  meter  is  shown  in  Figure 
10.  which  indicates  lhal  large  scale  spatial  vanaiions  of  ion 
density  amounting  to  nearly  two  orders  of  magnitude  existed 
in  this  region.  As  was  discussed  earlier,  the  ground  lo  sateUile 
links  recorded  saturated  VHF  and  UHF  scintillation  and  I- 
dB  gigahertz  scintillation  between  67“W  and  79^W  longitude 
at  the  time  of  Ihe  AF.-b  transit. 

The  high-resrslulion  RPA  data  over  a  3-s  interval  following 
035114  UT  (225124  LT  at  75°  W)  and  its  corresponding  spec¬ 
trum  are  discussed  in  J.  P  McClure  el  al.  (unpublished  manu¬ 
script,  |4KU)  Al  that  time  the  satellite  sampled  the  ion  con¬ 
centration  only  l.5‘'S  of  Jicamarea  so  that  the  satellite 
liK'ation  maps  along  magnetic  field  lines  lo  an  altitude  of  252 
km  over  Jicamarea.  It  should  be  noted  that  the  power  spec¬ 
trum  of  the  data  sample  at  035124  UT  shows  a  steeper  slope 
(A’ ')  at  short  wavelength  end  (<500  m)  as  compared  with  the 
spectrum  registered  al  similar  position  in  the  earlier  transit. 
This  results  In  a  reduction  of  spectral  intensity  al  short  wave¬ 
lengths  by  approximately  an  order  of  magnitude  over  that  ob¬ 
tained  in  Ihe  earlier  orbit  7048  at  021617  identified  with  a 
plume  .structure  neat  the  Jicamarea  meridian. 

After  about  3  min.  the  satellite  sampled  Ihe  ion  concentra¬ 
tion  fluctuations  farther  lo  the  east  in  the  vicinity  of  the  sub- 
lonospherii  liKalion  of  Marisat  satellite  at  a  local  time  of 
233428  The  relative  ion  concentration  fluctuations  over  a  3-s 
interval  recorded  by  ihe  RPA  is  indicated  in  Figure  II  The 
spatial  density  struciurcs  become  less  sharp  with  a  consequent 
decrea.se  of  spectral  iniensily  al  short  irregularity  wavelengths. 
The  power  spectrum  of  this  data  sample  is  shown  in  Figure 
12,  which  indicates  a  power  law  variation  of  A'  ’  al  iireguianty 
wavelengths  shorter  than  about  2  km  accompanied  by  a  spec¬ 
tral  flattening  at  longer  wavelengths.  An  order  of  magnitude 
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l-ig  II  Same  as  in  I  iguie  It  bul  for  oibii  7049  reeiKded  near  Ihc  suhiontispherie  location  of  Marisat  satellite  observed 
from  Fluancavti  when  l-dH  scfniiUation  at  1,54  GHz  was  recorded,  lirosion  of  sharp  gradrents  of  ion  concentration  may  be 
noted 
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reduction  in  spectral  intensity  at  small  irregularity  wave¬ 
lengths  may  be  noted  during  this  period  as  compared  with 
that  obtained  3  min  earlier  and  discussed  in  the  previous  para¬ 
graph.  At  similar  local  lime  the  radar  failed  to  delect  any  3-m 
irregularity  over  Jicamarca,  and  the  1.34-GHz  link  was  rec¬ 
ording  only  I  dB  fluctuations. 

Orbit  7050.  This  orbit  was  located  as  far  south  of  Jicamarca 
as  the  first  orbit  7048  was  to  the  north.  The  orbit  spanned  the 
longitude  interval  of  interest  near  midnight  when  no  scintilla¬ 
tions  were  observed  at  1.34  GHz  and  only  marginal  UHF  but 
quite  strong  VHF  scintillations  were  recorded.  Figure  13 
shows  the  ion  concentration  plot  at  O.S-s  interval  obtained 
from  the  ion  drift  meter.  A  wide  bite-out  region  with  some 
large  scale  fluctuations  of  ion  concentration  is  noted  al¬ 
though  the  fluctuations  are  observed  to  be  much  less  deep 
than  those  registered  in  earlier  transits.  The  radar  map  does 
not  provide  any  evidence  of  fresh  3-m  irregularity  generation 
near  032630  UT  when  AE-F.  crossed  the  meridian  of  Jica¬ 
marca. 

In  Figure  14  we  show  a  data  sample  recorded  by  the  RPA 
during  orbit  7030  in  the  vicinity  of  the  subionospheric  loca¬ 
tion  of  Marisat  satellite.  The  spatial  variations  of  ion  concen¬ 
tration  appear  much  smoother  than  those  noted  in  the  earlier 
transits  indicating  a  preferential  decay  of  small  scale  irregulari¬ 
ties.  The  power  spectrum  for  this  data  sample  (Figure  13)  in¬ 
dicates  a  steep  spectral  index  (-3.3)  that  is  caused  by  the 
decay  of  inegularities  with  wavelengths  smaller  than  I  km.  At 
VHF,  scintillation  effects  of  such  irregularity  power  spectrum 
become  equivalent  to  gaussian  irregularities  with  correlation 
lengths  of  the  order  of  a  km  and  substantial  VHF  scintilla¬ 
tions  (~  10  dB)  are  expected  to  persist.  However,  owing  to  the 
drastic  reduction  of  spectral  intensity  between  I  km  to  100  ro 
in  the  vicinity  of  the  Frensel  dimension  for  GHz  observations, 
scintillations  at  GHz  frequencies  cannot  develop.  This  is  in 
agreement  with  scintillation  observations  diKussed  in  the  pa¬ 
per. 

4  Discussion 

The  correlative  measurements  based  on  radar  backscatter, 
satellite  in  situ,  and  radio  wave  scintillation  techniques  in¬ 
dicate  that  in  the  initial  flash  phase  of  generation,  the  night¬ 
time  F  region  equatorial  irregularities  covering  the  wave¬ 
length  range  of  tens  of  kilometers  to  a  few  meters  or  less  are 
excited  within  a  lime  scale  of  the  order  of  minutes.  In  the  late 


phase,  however,  the  decay  commences  at  short  irregularity 
wavelengths  and  proceeds  toward  the  lunger  wavelengths  in 
such  a  manner  that  the  3-m  irregularities  decay  hours  before 
the  kilometer  wavelengths 

The  sharp  gradients  of  electron  concentration  delected  by 
the  satellite  in  situ  measurements  during  the  early  phase 
of  irregularity  lilctime  have  important  implications  for  ir¬ 
regularity  generation  mechanisms  and  modeling  of  scintilla¬ 
tions  ChalurteJi  and  Ossaknw  |I977|  have  shown  that  the 
evolution  of  the  nonlinear  collisional  Rayleigh-3  aylor  insta¬ 
bility  in  the  nighttime  equatorial  F  region  gives  rise  to  such 
steepened  structures  providing  a  pha.se  coherent  irregularity 
power  spectrum.  They  pointed  out  that  a  turbulent  mecha¬ 
nism  of  trregularity  generation  will,  on  the  other  hand,  pro¬ 
vide  a  randomly  phased  power  spectrum  hut  with  identical 
spectral  index.  From  an  analysis  of  rocket  data  of  electron 
concentration  through  an  equatorial  bubble,  the  existence  of 
such  phase  coherent  structures  has  been  confirmed  \Co.na  and 
Kelley.  1978).  From  AI--E  data  we  have  shown  that  the  pres¬ 
ence  of  steep  spatial  gradients  is  a  feature  of  only  the  early 
generation  phase  of  strong  irregularities  that  give  rise  to  a 
power  law  type  of  irregularity  power  spectrum  with  one-di¬ 
mensional  power  spectral  index  of  about  1.3. 

tFernik  el  al.  |I979|  have  demonstrated  that  if  the  electron 
concentration  stnictures  with  steep  gradients  are  stacked  in  al¬ 
titude.  a  vertically  propagating  radio  wave  is  aflected  quite 
diflerently  from  that  expected  for  an  identical  turbulent  type 
medium.  In  this  study  we  have  considered  that  in  view  of  the 
structured  upward  drift  speed  of  the  irregularities,  the  total 
electron  density  deviation  integrated  through  an  irregularity 
layer  along  the  propagation  direction  will,  in  general,  be  ran¬ 
dom.  and  conventional  scintillation  theory  may  still  apply. 
Our  1 .34-GHz  scintillation  observations,  performed,  of  course, 
at  a  low  elevation  angle  of  20°.  exhibited  random  type  of  am¬ 
plitude  fluctuations  In  view  of  the  predictions  of  Wemik  et  al 
1 1979)  model  computations,  it  will  be  of  interest  to  perform 
GHz  scintillation  observations  near  the  dip  equator  at  high 
elevation  angles  preferably  tilted  to  the  west  and  determine  if 
the  signal  structure  on  the  ground  conforms  to  the  predicted 
signature  of  steep  irregularity  structures. 

In  contrast  to  the  above,  the  irregularities  in  the  late  phase 
are  characterized  by  a  progressive  erosion  of  steep  spatial  gra¬ 
dients  in  the  It)  km  to  lOO-m  range  and  a  decay  of  the  spectral 
intensity  of  irregularities  that  commences  at  meter  wavelength 
and  then  proceeds  toward  the  kilometer  wavelength  end.  Con¬ 
firming  evidence  has  recently  been  provided  by  Tsunoda  and 
Towle  1 1979).  who  report  the  persistence  of  total  electron  con¬ 
tent  bite-outs  without  as.sociated  backscatter  from  l-m  irregu¬ 
larities.  In  regard  to  VHF  scintillations,  the  AE-E  in  situ  data 
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Fig  13,  Same  as  in  Figure  10  for  the  AE-E  orbit  7050  crossing  the 
longitude  interval  of  interest  around  local  midnight. 
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Pig  14  Saiiic  as  in  Figure  6  but  for  utbil  7050  in  the  very  late  phase  when  /.  band  and  UHF  scintillations  had  decayed. 
Absence  of  sharp  spatial  gradients  in  this  late  phase  may  be  noted. 


obtained  during  the  very  late  phase  are  equivalent  to  a  gaussian 
irregularity  spectrum  with  correlation  lengths  (~l  km)  of  the 
order  of  the  Fresnel  dimensron  of  VHF  scintillation  measure¬ 
ments.  This  explains  the  persistence  of  VHF  scintillations  in 
the  absence  of  any  activity  in  the  UHF-GHz  range. 

Ihe  phase  scintillation  measurements  with  the  orbiting 
Wideband  satellite  performed  near  Ihe  magnetic  equator  have 
consistently  yielded  a  ptiwer  law  type  of  irregularity  .spectrum 
with  average  one-dimcnsional  power  spectral  index  less  than  2 
10701  and  have  not  given  any  evidence  of  outer  scale 
with  detrend  intervals  as  large  as  100  s  Ifhno  el  al..  1978].  In 
view  of  the  fact  that  Ihe  Wideband  satellite  transits  over  the 
magnetic  equator  near  midnight,  these  observations  pertain  to 
Ihe  late  pha.s«.  hut  Ihe  derived  spectrum  conforms  to  Ihe  in 
situ  spectrum  observed  in  the  early  phase.  It  should,  however, 
be  pointed  out  that  the  in  situ  spectrum  corresponds  to  the 
electron  conceniraiion  Duclualion  at  the  fixed  altitude  of  AE- 
F.  whereas  Ihe  pha.se  scintillations  ari.se  from  the  electron  den- 
siiv  deviation  integrated  over  Ihe  irregularity  layer.  The  rela¬ 
tionship  between  the  spectra  obtained  by  these  two  techniques 
needs  to  be  explored  during  the  dilfereni  phases  of  irregularity 
evolution  and  decay  by  the  use  of  continuous  phase  scintilla¬ 
tion  meaMiremenls  with  geostationary  satellites. 
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Fig  |S  Same  a.s  in  Figure  7  for  the  sample  shown  in  Figure  14 


The  in  situ  measurements,  of  course,  do  not  directly  provide 
information  on  Ihe  small  scale  lengths  (-m)  that  are  explored 
by  the  backscatlcr  radar  technique.  However,  Woodman  and 
Ba.ru  (1978),  from  a  comparison  of  VHF  scintillation  and 
backscatter  observations,  pointed  out  that  the  predicted  back¬ 
scatlcr  level  at  3  m  is  expected  to  be  several  orders  of  magni¬ 
tude  higher  if  the  power  law  power  spectrum  with  a  three-di¬ 
mensional  spectral  index  -4  \Dyson  el  al,  1974)  of  longer 
wavelength  irregularities  explored  by  Ihe  in  situ  technique  is 
extrapolated  to  3  m.  Further,  the  recent  radar  observations  at 
Kwajalein  {Towle,  1980]  indicate  that  the  backscatter  power 
levels  al  I  m  and  36  cm  conform  to  one-dimensional  spectral 
index  of  less  than  unity  in  contrast  to  the  one-dimensional  in¬ 
dex  somewhat  larger  than  1.5  that  we  observed  with  AE-E 
over  Ihe  irregularity  wavelength  range  of  0.1-1  km  during  the 
most  developed  phase.  Thus  while  these  observations  indicate 
the  possible  existence  of  a  cutolf  and  a  break  in  slope  some¬ 
where  in  Ihe  range  of  tens  of  meter  wavelength,  we  have  no 
knowledge  yet  of  the  mechanism  for  Ihe  cutoff  and  its  location 
in  the  wave  number  regime.  It  appears  that  high  resolution 
rocket  measurements  may  be  helpful  for  a  study  of  this  range 
of  irregularity  wavelengths. 

From  the  point  of  view  of  3-m  irregularity  generation,  it  is 
signihcanl  that  sleep  spatial  gradients  (scale  lengths  £I00  m) 
and  high  spectral  intensity  of  longer  irregularity  wavelengths 
(0. 1  10  km)  provide  a  signature  of  the  presence  of  3-m  irregu¬ 
larities.  Further  from  AE-E.  it  seems  that  3-m  irregularities 
are  not  only  confined  to  deep  bite-out  regions  with  low  (10* 
m  ')  electron  concentration  but  are  present  in  regions  with 
concentration  exceeding  10"'  m  ’,  where  ion  viscous  damping 
becomes  important  enough  to  stabilize  the  coUisional  drill  in¬ 
stability  [Huba  and  Orsakow,  1979].  Thus  the  evidence  ob¬ 
tained  from  the  in  situ  technique  tends  to  provide  further 
weight  to  Huba  and  Ossakow's  |I979]  suggestion  that  'it  may 
be  possible  for  a  large  amplitude,  long  wavelength  mode  to 
nonlinearly  generate  the  short  wavelength  turbulence  via  a 
parametric  process.' 
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The  long'term  VHP  scintillation  data  from  ATS  3  obtained  at  three  stations  situated  in  the  North 
Atlantic  sector  at  auroral  and  subauroral  locations  during  the  period  1968- 1974  are  used  to  determine 
the  morphology  of  high-latitude  scintillations  near  the  70^  longitude  sector  The  variation  of  the 
average  level  of  scintillation  at  each  observatory  is  studied  as  a  function  of  time  of  day.  season, 
and  magnetic  activity  in  a  manner  suitable  for  incorporation  into  statistical  models  of  scintillation 
occurrence.  The  most  prominent  feature  of  the  data  is  a  seasonal  dependence  of  scintillations 
with  a  2;  I  variation  from  northern  summer  to  winter  under  quiet  magnetic  conditions.  This  also 
causes  a  large  variation  in  (he  latitudinal  gradient  of  scintillations  from  2  dB  per  degree  in  summer 
to  I  dB  per  degree  in  winter  for  latitudes  >60°  invariant.  The  observed  seasonal  control  of  scintillations 
IS  related  to  the  variation  of  the  tilt  angle  of  the  earth's  magnetic  dipole  and  consequent  modulation 
of  the  particle  precipitation  in  the  North  Atlantic  sector  of  the  auroral  oval 


INTRODUCTKIN 

With  (he  advent  of  (he  Early  Bird  synchronous 
satellite  in  l%5.  stable  sources  of  VHP  transmis¬ 
sions  became  available  for  propagation  experi¬ 
ments.  Relatively  simple  antenna  and  receiver  sys¬ 
tems  could  be  u.scd  to  study  the  effects  of  the 
ionospheric  medium  on  radio  waves  propagating 
through  it.  One  such  effect  is  the  random  fluctuation 
m  amplitude  of  the  radio  signal  caused  by  spatial 
irregularities  in  electron  density  in  the  iono.sphere. 

The  study  of  the.se  random  fadings,  known  as 
scintillations,  has  been  a  major  effort  at  the  Air 
Force  Geophysics  Laboratory  (AFGL;  previou.sly 
known  as  Air  Force  Cambridge  Re.search  Labora¬ 
tory).  This  is  bccau.se  the  subject  has  become  of 
significant  practical  importance  during  recent  years 
for  application  of  satellite  technology  in  communi¬ 
cations  and  navigation.  In  particular,  with  a  view 
to  providing  systems  planning  requirements  for 
aircraft  flying  the  North  Atlantic  region  with  satellite 
communications  sy.stems  on  hoard.  AFGL  has 
opc’ited  three  stations  at  middle  to  high  latitudes 
in  this  longitude  sector  for  about  a  decade.  These 
stations  are  the  Sagamore  Hill  Radio  Observatory, 

rktt  ptpet  tt  not  io  U  S  copYrifht  ifi  IVtO  by  ibr  AmencM 

Cvopbywcat  tiuea 


Massachusetts:  Goose  Bay,  Labrador;  and  Nars- 
sarssuaq,  Greenland;  the  last  operated  jointly  with 
the  Danish  Meteorological  Institute. 

Data  from  these  stations  had  earlier  been  used 
to  determine  a  descriptive  model  of  high-latitude 
F  layer  scintillations  {Aarons,  1973].  The  main 
points  addressed  there  were  the  extent  of  the 
irregularity  region  during  quiet  and  disturbed  times 
as  well  as  variation  of  irregularity  intensity  within 
the  region  as  a  function  of  latitude.  Some  of  the 
same  studies  used  by  Aarons  [  1973]  were  also  used 
by  Fremouw  and  Rino  [1973]  to  develop  an  empiri¬ 
cal  global  model  of  scintillations.  However,  it  was 
found  by  Pope  (1974]  that  the  model  of  Fremouw 
and  Rino  [1973]  was  somewhat  inadequate  in 
representing  the  equatorward  edge  of  the  nighttime 
.scintillation  boundary.  The  in  situ  measurements 
of  Sagalyn  et  ->1.  [1974]  were  also  found  to  agree 
with  Aarons'  (1973]  study  in  the  boundary  region. 

With  the  steady  accretion  of  more  data  at  AFGL 
from  the  above  mentioned  stations  it  became  ob¬ 
vious  that  in  addition  to  the  diurnal,  latitudinal, 
and  magnetic  disturbance  variation  a  predominant 
seasonal  variation  is  also  observed,  at  least,  at  the 
higher-latitude  stations  of  Goose  Bay  and  Narssars- 
suaqin  the  North  Atlantic  sector  [Basu,  I97S]  along 
with  a  lesser  solar  flux  variation.  It  is  the  object 
of  this  paper  to  present  the  observed  seasonal 
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behavior  and  discuss  causes  for  the  same.  F-'urlher- 
more,  during  quiet  times,  Sagamore  Hill  observes 
the  so-called  plasmaspheric  component  of  scintilla¬ 
tions  which  cannot  be  considered  to  be  merely  an 
extension  of  the  high-latitude  scintillation  region 
[Martin  and  Aaron.'s.  1977;  Hasu.  I97S|. 

Computer-generated  plots  have  been  developed 
which  clearly  show  the  existence  of  an  increased 
scintillation  region  at  mid-latitudes.  These  maps  also 
allow  a  more  meaningful  estimation  of  the  latitudinal 
scintillation  gradients  contained  within  the  high-lati¬ 
tude  irregularity  zone.  This  detailed  exposition  of 
the  morphological  features  allowed  a  natural  exten¬ 
sion  to  an  empirical  formulation  of  a  limited  high- 
latitude  scintillation  model  to  be  presented  in  a 
companion  paper  [Aarons  et  ai,  I979|. 

THE  DATA  BASE 

Observations  of  amplitude  scintillations  of  the 
ATS  3  satellite  beacon  at  137  MHz  form  the  data 
base.  The  records  were  reduced  by  the  method 
outlined  by  Whitney  et  al.  (1969].  Scintillation 
excursions  in  decibels  for  IS-min  periods  were  used; 
these  correspond  approximately  to  the  I -percentile 
levels  in  the  cumulative  amplitude  probability  dis¬ 
tribution  function  for  the  IS-min  period.  Whitney 
(I974|  has  given  the  approximate  relationship  be¬ 
tween  peak-to-peak  excursion  in  decibels  and  the 
theory-based  index  which  was  introduced  by 
Briggs  and  Parkin  [1963].  For  example,  a  6-dB 
contour  represents  the  5^  level  ofO.3.  If  one  assumes 
a  power  law  irregularity  spectrum  and  realistic 
model  parameters  [Basu,  1978),  it  is  possible  to 
convert  the  index  into  an  equivalent  root-mean- 
square  electron  density  deviation  by  using  the  weak 
scatter  theory  of  Rufenach  [I97S|  and  Costa  and 
Kelley  [  1976] .  To  meet  the  weak  amplitude  scatter 
condition,  such  a  conversion  to  equivalent  electron 
density  deviation  is  only  possible  for  scintillation 
contours  £l  I  dB  (i.e.,  <  0.3).  Since  the  contours 

to  be  presented  are  averages  of  large  amounts  of 
data,  obviously  some  violation  of  the  weak  .scatter 
limit  is  involved  even  at  this  level.  Further,  the 


Fig.  I.  The  ionospheric  (}50-km  altitude)  inlerseclions  of  the 
ray  paths  from  AT.S  3  located  at  70“W  to  the  observing  sues 
al  Sagamore  Hill.  Goose  Bay.  and  Narssarssuaq 

problem  of  limiting  discussed  by  Aarons  et  al. 
(1979)  almost  certainly  tends  to  decrease  average 
values. 

As  mentioned  earlier,  the  three  observatories  are 
situated  near  the  70°W  meridian.  The  propagation 
paths  to  the  satellite  from  these  stations  are  shown 
in  Figure  I,  while  their  geographic  and  invariant 
latitude  coordinates  and  geometrical  parameters  are 
listed  in  Table  I. 

NARSSARSSUAQ  OBSERVATIONS 

From  Table  I  we  Find  that  the  intersection  latitude 
as  viewed  from  Narssarssuaq  was  63.2°  invariant 
latitude  at  the  350-km  height.  Thus  the  observations 
pertain  to  the  equatorward  edge  of  the  auroral  oval 
in  the  midnight  sector  [Feldstein  and  Starkov.  t%7) 


TABLE  I  Position  of  observing  stations 


Invanant  Ionospheric  Propagation 


Slitiofi 

Position 

Latitude 

Elevation 

Azimuth 

Z  A 

Angle 

Naruarsfiiaq 

54.2"N,  51  (TNV 

63  2° 

1*0“ 

20*° 

64® 

124“ 

Cook  Bay 

48  3'N.  61.7*W 

60.3* 

2*8“ 

191“ 

56® 

136“ 

Sagamore  Hill 

39.3°N,  70.6'>W 

53  5' 

40,9“ 

I7*“ 

46® 

154“ 
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MEAN  SCINTILLATION  INDEX  (dB) 
NARSSABSSUAO  1968-1974  Kp>0-3 


TiX  2  Coniuun  o(  monlhly  mean  acintillalion  index  in  decibels  ■(  137  MHz  as  a  function  of  local  time 
lor  quiet  magnetic  conditions  (A>  »  U-.T)  obtained  at  Narssarssuaq  with  ATS  3  during  I%8~I974. 


for  moderate  magnetic  activtty  ^Q  ~  3),  while  it 
is  2°  equaturward  of  the  statistical  oval  during  times 
of  magnetic  quiet  (Q  --  I).  During  disturbed  times, 
when  the  oval  broadens,  the  Narssarssuaq  intersec¬ 
tion  point  is  within  the  oval  in  the  evening-midnight 
sector. 

Ill  Figures  2  and  3  we  show  contour  plots  of 
average  monthly  scintillation  indices  as  a  function 
of  ItKal  time  obtained  over  a  6-year  period  for  two 
ranges  of  magnetic  activity.  The  local  time  variation 
show:,  a  maximum  Just  prior  to  corrected  geo¬ 
magnetic  midnight  (CGM)  under  quiet  magnetic 
conditions  and  at  CGM  under  disturbed  magnetic 
conditions,  as  is  to  be  expected  at  an  auroral  station. 
However,  the  striking  and  somewhat  unexpected 
feature  during  quiet  conditions  shown  in  Figure  2 
is  the  ccurrence  of  the  highest  scintillation  indices 
in  the  March-June  period,  with  low  levels  during 
winter  months.  A  peak-to-peak  excursion  of  II  dB 
IS  equivalent  to  =  O.S,  whereas  a  S-dB  level 
represents  S,  =  0.25.  Thus  if  alt  other  scintillation 
model  parameters  remain  unchanged,  a  2 : 1  varia¬ 
tion  is  expected  in  the  rms  electron  density  deviation 


WAN  KINTILLXTIM  IKK'  IMI 
NARSXAMSSUXO  IIW-WW  M-A-* 


Fig.  3.  Ssmc  at  for  Figure  2,  except  for  disturbed  magnetic 
conditiona  (Xp  -  4-9). 
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A  A/  from  summer  to  winter.  The  probable  causes 
for  such  a  seasonal  behavior  of  scintillations,  con¬ 
trary  to  the  observed  spread- f  behavior  in  the 
auroral  zone,  were  first  discussed  by  Basu  ( 1975) 
and  will  be  dealt  with  further  in  a  later  section 
of  the  paper.  The  highest  quiet  daytime  scintillations 
are  observed  in  winter,  and  since  there  is  a  reduction 
in  the  nighttime  level,  the  winter  data  are  almost 
free  of  any  diurnal  variation. 

Magnetic  storms  intensify  the  quiet  time  pattern, 
as  may  be  observed  from  Figure  3.  There  are  higher 
levels  of  daytime  scintillation.  However,  the  sea¬ 
sonal  pattern  is  much  less  dramatic  becau.se  the 
winter  data  are  actually  able  to  show  the  effects 
of  the  larger  scintillation  magnitude,  whereas  the 
summer  data  suffer  saturation  effects.  It  should 
be  noted  that  the  data  for  Figures  2  and  3  cover 
both  the  high-sunspot-cycle  years  as  well  as  those 
during  the  declining  phase.  Further  discussion  of 
the  effect  of  sunspot  cycle  on  scintillation  data  is 
given  later. 


GOOSE  BAY  OBSERVATIONS 

The  Goose  Bay  subionospheric  position  of  60®N 
invariant  latitude  moves  through  the  electron  den¬ 
sity  trough  in  the  nighttime  .sector  for  quiet  geo¬ 
magnetic  conditions  in  all  seasons  [Brace  and  Theix. 
1974;  Ahmed  et  a!..  1979).  In  Figure  4,  where  we 
have  shown  contours  in  decibels  of  monthly  average 
scintillation  indices  over  a  4-year  period  for  Kp 
-  0-3.  we  find  a  drastic  reduction  in  scintillation 
magnitude  in  the  February  to  October  period  as 
compared  to  that  for  Narssarssuaq.  These  findings 
are  consistent  with  in  situ  results  to  be  discussed 
later.  The  absence  of  scintillations  in  winter  is 
probably  due  to  the  broad  nature  of  the  trough 
in  this  season  with  the  consequent  emphasis  of  those 
processes  that  inhibit  scintillations  within  the 
trough. 

The  behavior  during  magnetically  disturbed  times 
is  very  different.  Figure  5  shows  larger  scintillation 
magnitudes  as  well  as  a  shift  of  the  occurrence 
pattern  from  premidnight  under  quiet  magnetic 
conditions  to  postmidnight  under  disturbed  magnet¬ 
ic  conditions.  Some  morning  and  afternoon  scin¬ 
tillations  are  also  observed  during  the  February  to 
October  period.  It  should  be  noted  that  in  contrast 
to  Narssarssuaq  data,  Goo.se  Bay  data  were  only 


MEAN  SCINTILLATION  INDCX  l«B) 
GOOSE  BAT  IBTI  1974  Kp  •  0  -  9 


Fig,  4.  Contours  of  monthly  mean  scintillation  index  in  deci* 
bcis  at  1.17  MHz  as  a  function  of  local  lime  for  quiet  magnetic 
conditions  {Kp  =^0  3)  obtained  at  (loose  Bay  with  ATS  3  during 
1971-1974 


obtained  during  the  waning  period  of  the  sunspot 
cycle. 

SAGAMORE  HILL  OBSERVATIONS 

The  sea.sonal  pattern  for  Sagamore  Hill  (at  an 
intersection  invariant  latitude  of  53.5°)  differs  from 
those  of  the  higher-latitude  stations.  During  quiet 
geomagnetic  conditions  the  intersection  point  can 
be  considered  to  be  a  mid-latitude  station.  The 
irregularities,  in  the  main,  are  confined  to  the  hours 
of  darkness  for  both  low  and  high  magnetic  activity. 

For  low  Kp  (Figure  6)  for  a  6-year  period  of 
observations  the  maximum  activity  occurs  around 
midnight  and  shows  an  absence  of  scintillation 
during  the  summer  months,  with  2-dB  level  during 
the  equinoctial  and  winter  months. 

For  higher  magnetic  indices  (Kp  =  4-9,  Figure 
7)  the  observable  .scintillations  extend  for  a  longer 
nighttime  period.  Scintillation  activity  minimizes 
between  March  and  May.  with  maximum  activity 
still  occurring  near  magnetic  midnight.  While  during 
some  severe  magnetic  storms  the  high-latitude  ir¬ 
regularity  structure  descends  to  the  53°  latitude 
[Basu,  1974;  Aaronx,  I976J,  scintillations  hardly 
show  any  increase  in  the  mean  level  during  magnetic 
activity. 
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MOUniOl  <m;Y  <)I  illCiM  LAI n  UDL  S(  iNTlLLATlON 


MEAN  SCtNTiLtATiON  INDEX  (dB> 
GOOSE  SAY  1971  >  1974  Kp  •  4  -  9 


^  Sjnu*  .IN  (or  I  i^urc  4.  except  lor  iJiNturbeii  magnetic  conditions  {Kp  -  4-9). 


MEAN  scintillation  INDEX  (tfB) 
SAOAMORf  Hill  l'H>0  |<^74  Kp  -O  3 


i  ir  u  (  oniouis  III  moiiihty  mean  >ciii(tMaiHm  index  in  dcciHels  nl  I.H  MIU  us  a  function  of  local  time 
lor  i)uiri  magnetic  vondilionx  {Kp  -  0-3)  obtained  at  Sagamore  Hill  with  ATS  3  during  1968-1974. 
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Fig.  7.  Same  as  lor  Figure  6.  except  for  disturbed  magnelic  condiiions  {Kp  4  U) 


StASONAL  PATTERNS  AS  DETERMINED  BY  THE 
C  ONTOUR  PLOTS 

A  relatively  limited  data  set  was  put  together 
from  the  three  observatories  to  determine  latitudinal 
gradients  of  scintillation  index  and  the  variation 
of  these  gradients  as  a  function  of  time  of  day, 
season,  and  magnetic  activity.  To  minimize  effects 
due  to  day-to-day  variation  of  scintillations,  only 
those  days  were  chosen  for  which  uninterrupted 
data  were  available  at  all  three  stations.  Thus  the 
data  were  all  obtained  during  the  lower  sunspot 
period  (1971-1974)  of  cycle  20.  A  contour  program 
was  used  to  link  up  the  data  obtained  from  these 
stations  at  the  same  local  time.  The  results  are 
shown  in  Figures  8-15  for  four  different  .seasons 
and  two  ranges  of  magnetic  activity.  The  number 
of  points  on  each  diagram  rcpresenls  the  number 
of  hours  of  data  from  which  each  hourly  average 
has  been  computed. 

The  pattern  of  latitudinal  variation  is  consistent 
for  the  two  sets  of  equinoctial  data.  Scintillations 
maximized  just  before  local  midnight  in  the  Kp 


=  0-3  set  as  is  shown  in  Figures  8  and  12.  For 
the  spring  months,  .scintillations  are  somewhat 
higher  than  for  the  fall,  and  therefore  the  3-d B 
contour  line,  for  example,  descends  to  somewhat 
lower  latitudes  during  spring  than  it  does  during 
the  fall.  Also  a  9-dB  contour  appears  in  the  .spring. 
The  average  quiet  nighttime  scintillation  gradient 
at  latitudes  >60°  is  1.5  dB  per  degree  in  the  spring 
as  compared  to  I  25  dB  per  degree  in  the  fall. 

The  more  disturbed  magnetic  conditions  bring 
on  higher  values  of  the  .scintillation  index  at  both 
of  the  high-latitude  stations  without  appreciable 
change  in  the  latitude  gradient.  The  relatively  limited 
data  base  in  both  equinoctial  sets  peaks  somewhat 
after  midnight  but  has  remarkably  similar  nighttime 
values  at  all  latitudes  for  both  seasons  (Figures 
9  and  13). 

As  is  to  be  expected  from  the  behavior  at  individ¬ 
ual  .slatirms.  the  greatest  difference  in  latitudinal 
gradients  of  scintillations  occurs  in  the  two  solstices 
during  quiet  times  (Figures  10  and  14).  While  in 
summer  a  steep  positive  gradient  with  latitude  is 
exhibited  by  the  two  high-latitude  stations  during 
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l  ij*  X  \  .irtalix:}  >>l  nicait  scaNona)  s«.inullau<ai  index  Juiing  the  vernal  equinitx  in  decibels  at  MM/, 
with  ItKai  lime  and  tnvananl  latitude  derived  Irom  12V  values  for  each  hourly  dala  point  at  (he  three 
Mailt  IS  under  quiet  magnetic  etindilions  {Kp  0  M 


the  nighi.  on!y  a  very  weak  latitude  gradient  is 
iihse.  vcd  in  winter,  with  virtually  n<r  diurnal  varia¬ 
tion  at  ail  I  he  winter  nighilime  grad  enl  at  latitudes 
greater  than  Wf  invariant  is  I  dB  per  degree  ol 
latitude,  while  in  summer  it  is  2  dB  per  degree. 
This  IS  a  very  large  difference  in  the  latitude  gradient 
and  has  to  he  included  in  any  realistic  model  of 
high-lalitude  sciiitillalion,s  The  t'lher  interesting 
aspect  r)f  figure  14  is  the  appearance  of  a  2-dB 
cor.loui  at  midniuhl  mar  5.1°  invailant,  with  the 
higher-latitude  2-dB  contour  occurring  at  apprt'xi- 
mately  nl  N  This  points  to  a  definite  quiet  lime 
mitl-ldiii  aUe  component  of  scintillations,  which  we 
shall  discuss  further  in  the  next  ,seciion  Although 
the  data  ha.se  is  sparse,  we  see  that  the  differences 
between  these  two  .seasons  during  disturbed  condi¬ 
tions  arc  much  less  severe  O'lgures  II  and  15). 

Ill  the  dala  contours  of  the  preceding  sections 
the  effects  upon  scintillation  of  diurnal,  latitudinal, 
magnetic,  and  seasonal  variations  can  be  easily  seen. 
However,  it  has  been  found  that  an  additional 


parameter,  solar  flux,  though  not  evident  in  these 
contours,  to  a  lesser  extent  also  affects  scintilla¬ 
tions. 

In  general,  scintillation  index  increases  with  in¬ 
creasing  solar  flux,  all  other  parameters  remaining 
constant.  A  precise  variation  for  a  particular  day 
of  the  year  may  be  determined  by  using  the  model 
equations  shown  by  Aarons  et  al.  1 1979] .  For  some 
combinations  of  latitudinal,  magnetic,  and  seasonal 
variations  this  effect  of  increasing  .scintillation  is 
mitigated  and  even  reversed.  For  example,  the 
summer  data  frequently  suffer  from  saturation  ef¬ 
fects.  so  that  any  increase  with  solar  cycle  appears 
minimal. 

To  place  the  effect  of  solar  flux  variation  in 
perspective,  it  should  be  noted  that  the  percentage 
increase  in  scintillation  of  high  over  low-solar-flux 
years  is  of  the  order  of  half  of  the  increase  in 
scintillation  when  comparing  disturbed  magnetic 
conditions  (Kp  -  4-9)  with  quiet  magnetic  cases 
(Kp  ----  0-3). 


I  ig  V  Same  as  m  t-igure  X.  except  for  -SO  valuev  for  each  hourly  data  point  under  dislurbed  magnetic 

conditions  =  4  -9) 
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MEANSlIdS)  IV)  Mrs  lip'O  3 


Fig.  10.  Variation  of  mean  seasonal  scintillation  index  during  the  northern  soKiicc  tn  decibels  at  1.17  Mil/ 
with  local  time  and  invariant  latitude  derived  from  ISO  values  for  each  hourly  data  piunt  at  the  three 
stations  under  quiet  magnetic  conditions  (A/>  0 


DISC  USSION 

The  most  consistent  long-term  result  that  emerges 
from  this  morphological  study  is  the  existence  of 
a  seasonal  pattern  of  scintillations  in  the  North 
Atlantic  sector  of  the  auroral  oval  This  is  in  addition 
to  the  widely  known  diurnal  and  magnetic  activity 
variation  of  scintillations.  Using  nighttime  data  from 
Narssarssuaq  only.  Basu  (1975]  had  established 
that  this  seasonal  behavior  of  scintillations  during 
quiet  times,  namely,  a  winter  minimum  and  summer 
maximum,  is  in  close  agreement  with  the  variation 
of  the  auroral  electrojet  index  AL  [Davis  and 
Sugiura,  1966)  in  the  same  sector  of  the  auroral  o- 
val.  It  was  proposed  by  Basu,  following  the  sugges¬ 
tion  of  Boiler  and  Stolov  (1970,  1974],  that  the 
varying  geometry  of  the  plasma  sheet  with  the  dipole 
tilt  angle  may  cause  a  seasonal  modulation  of 
particle  precipitation  and  hence  of  scintillations 
If  this  hypothesis  is  correct,  ,io  such  marked  sea¬ 
sonal  variation  should  be  observed  in  the  Alaskan 
and  Scandinavian  sectors  of  the  oval  Indeed,  radio 


star  and  orbiting  beacon  observations  in  those 
sectors  had  indicated  no  .seasonal  variation  (/.i.vzAu. 
I%3;  E.  J  Fremouw.  private  communication. 
1975).  Unfortunately,  lhe.se  measurements  may 
have  been  contaminated  by  orbital  considerations 
(in  the  radio  star  case)  and  by  .saturation  of  the 
scintillating  signal  because  of  the  low  frequencies 
used  on  earlier  orbiting  beacons  However,  it  is 
quite  interesting  to  note  that  recent  VHF  wide  band 
scintillation  observations  made  at  Alaska  fail  to 
show  any  pronounced  .seasonal  variation  (C.  1. 
Rino,  private  communication.  1978). 

The  greater  occurrence  of  winter  daytime  scin¬ 
tillation  at  Narssarssuaq  can  also  be  explained  on 
the  basis  of  the  dipole  tilt  angle  variation.  It  has 
been  shown  by  Boiler  and  Slolov  |I970|  that  the 
maximum  probability  of  occurrence  of  the  Kelvin- 
Helmhollz  instability  is  at  0430  UT  during  the  June 
solstice  and  at  1630  UT  during  the  December 
solstice.  The  June  local  midnight  maximum  of 
.scintillations  at  Narssarssuaq  was  attributed  by 
Basu  (19751  to  this  effect.  The  winter  maximi7.alion 


MCAN  SIMei  rr  PIS  Kp.4  9 


Fig.  II.  Same  as  in  Figure  10,  except  for  —27  values  for  each  hourly  data  point  under  disturbed  nragneiic 

conditions  (ICp  -  4  -9) 
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*  AAliAMHAt  Mil  1 
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,1*  i.‘  >A  /A  1'*-  1/  18  /A  i  T 

MfANMtdn)  <  ■/  t  l*.  A^,  .  /j  1 

lit  I.'  Yarialiiii)  III  n^adii  ifjMt'tiil  scmdllation  index  during  the  aulumnal  equinox  in  decibels  at 
MM/  Mith  loval  time  and  iii/aiiaat  latitude  derived  Irom  IIM  values  for  each  hourly  data  point  at  the 
three  .nion.  tinilet  niiel  ni  igitctu  c<indilions  ( A'p  n  I) 

<>l  Itio  msl.ibtlitv  I.IACS  place'  at  the  liinc  o(  local  proportional  to  the  total  devialton  AtV  [Brifigs  and 

niajinctic  ttniui  lor  Nai ssars.suac(  lleiwcxcr,  at  mid-  Parkin.  I9h31 .  I'hus  while  scintillations  and  spread- 

dav  the  Narss.irssii,ic|  inieTscelioti  is  well  equator-  /-  are,  in  general,  associated,  a  one-to-one  correla- 

w.ird  (il  the  day  side  auroral  oval  Hence  the  magni-  tion  should  not  be  expected. 

tilde  til  ihe  daviimc  xs inlet  sciiiiillation  maximum  The  winter  minimum  of  scintillations  at  Goose 
IS  not  as  lari  e  its  the  stiriinier  iiighilime  maximum  Bay  is  probably  due  to  its  situation  within  the  main 
but  IS  largei  than  itie  day  nine  sciniillatioii  ob.served  electron  density  trough  and  the  existence  of  a  broad 
at  ,iny  olhei  lime  o(  the  year  trough  in  the  winter.  The  generally  much  reduced 

In  this  regard,  il  is  rather  important  to  note  Ihe  level  of  .scintillation  activity  during  quiet  times  in 

dej'artuie  of  the  seasonal  sciiiiillaiion  behax  loi  from  all  other  seasons  is  also  probably  due  to  its  special 

the  seasonal  spread-/-  behavior  observed  in  the  location.  In  situ  measurements  of  McClure  and 

auioral  region  for  instance,  under  sunspot  maxi-  Hanson  (1973)  with  Ogo  6  show  that  both  isN / N 

imim  yoiidiiioiis,  Ian  \  and  OU'wn  and  Jepsen  and  N  arc  reduced  in  the  trough.  This  led  them 

(|9ri(i|  both  repotted  that  maximum  occurrence  of  to  speculate  that  the  physical  processes  that  create 

spread  /  behavioi  \Aas  observed  in  Ihe  winter,  and  the  trough  may  be  the  same  as  tho.se  that  inhibit 

Penndur!  ||9fi7|  showed  th.ii  such  behavior  was  irregularities  Clark  and  Rail!  [1975),  using  in  situ 

iiniloinily  lii.'-rved  .It  .iiiroral  stations  in  all  sectors  data  from  Esro  4.  also  di.scuss  the  existence  of 

ot  the  ll•■lllleln  he/nispln.re  II  has  rccenllv  been  a  di.stinct  dip  in  irregularity  amplitude  between  a 

shown  [H'nyju  ft  al  .  t'<77|  ihai  ’A / // read  lioin  narrow  subauroral  irregularity  region  and  the 

lonograiiis  is  ci.(ii.il  to  ruts  AAi/iV  ohiaincd  from  higher-latitude  irregularity  zone.  Thus  it  could  be 

in  situ  measurements  Scintillations,  however,  are  very  probable  that  a  winter  minimum  of  nighttime 
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Fig  14  Variaiioii  of  mean  seasonal  scintillation  inde»  during  (he  southern  solstice  m  decibels  at  IW 
with  local  lime  and  invariant  latitude  derived  Ifiini  1.0  values  lor  each  lioiirly  data  {H>inl  at  the  three 
stations  under  i(uiet  magnetic  Ciindiiions  (Kp  (i  ^  N>*te  that  one  2  JB  ct>ni<tiir  is  at  invunanl.  wheteas 
(he  other  is  poleward  of  invariant 


scintillations  will  he  observed  al  a  position  with 

~  4  in  any  longitude  sector  However,  it  is  well 
known  that  the  trough  itseir shows  a  maximum  depth 
and  width  in  those  longitude  sectors  with  the  largest 
variation  in  dipole  lilt  angle  [Taylor,  l'17l|  Thus 
the  absence  of  scintillations  in  winter  during  quiet 
limes  at  Goose  Bay  could  be  due  to  a  superposition 
of  both  factors. 

The  Goose  Bay  data  show  greatly  increa.sed 
scintillations  during  disturbed  limes.  The  diurnal 
pattern  during  disturbed  times  also  shows  a  consis¬ 
tent  shift  toward  posimidnight  hours  during  all 
seasons.  During  periods  of  sustained  magnetic  ac¬ 
tivity  with  the  equalorward  motion  of  the 
pla.smapau.se.  the  auroral  oval  region  moves  into 
the  vicinity  of  the  Goose  Bay  intersection  point. 
The  auroral  ovals  [Feldxieirt  and  Siarkov.  Idri7| 
are  also  greatly  skewed  toward  curly  morning  hours, 
i.e..  they  descend  to  much  lower  invariant  latitudes 
in  postmidnight  hours  as  compared  to  the  premid¬ 
night  situation.  This  asymmetry  is  particularly  no¬ 


ticeable  for  Kp  ■  4.  This  is  in  keeping  with  the 
oh.served  shift  in  mu.simum  occurrence  of  scintilla¬ 
tions.  There  may  al.so  be  such  a  shift  in  the  Nars- 
sarssuaq  data,  hut  obviously,  these  observations 
are  contaminated  by  .saturation  effects,  and  thus 
the  shift  is  not  quite  as  dramatic. 

In  general,  of  course,  the  effect  of  magnetic 
activity  on  .scintillations  at  both  stations  is  short¬ 
lived  and  highly  variable.  This  fact  can  be  better 
appreciated  by  considering  autocorrelation  coeffi¬ 
cients  of  scintillation  indices  at  Narssarssuuq  and 
al  Goose  Bay  under  quiet  and  disturbed  conditions. 
While  the  autocorrelation  coefficients  for  each 
ob.servation  path  (excluding  the  winter  data)  drop 
to  about  0.3  at  a  lag  of  24  hours  (i.e..  day  I )  during 
quiet  limes,  that  value  decreases  onlv  very  slowly 
as  the  lag  is  extended  to  days  2.  T  and  4  During 
di.siurhed  limes,  howcvei.  the  autocorrelation 
coefficients  drop  sharply  to  0  I  at  a  lag  of  I  day 
and  remain  al  that  low  level  for  larger  lags  up  to 
day  4.  This  indicates  that  the  scintillation  pattern 
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*'n  the  day  rollowing  ihc  magnetic  siDtm  iy  vei> 
different  from  that  on  the  day  of  the  siorpi  at  both 
stations,  while  the  pattern  on  cjiiiet  days  is  of  a 
long-lived  nature 

Mean  scintillation  indices  are  rather  low  at  Saga¬ 
more  Hill  during  both  quiel  conditions  and  distur¬ 
bances  In  fact,  the  average  behavior  during  dis¬ 
turbed  limes  contrasts  sharply  to  that  observed 
during  some  large  individual  storms,  such  as  those 
studied  by  tia\u  ( If74| .  Aarons  [  l‘)7(>| ,  and  Aarons 
rl  al  |l‘)76|  li  should  be  recalled  that  on  only 
S'~r  ol  the  days  are  magnetic  storm  effects  large 
enough  lo  briiyg  the  plasmapause  to  the  vicinity 
of  ihe  Sagamore  Hill  intersection  point  with  /.  - 
\(  arpenlfr  iitui  I'ark.  I')71|  /lasu  11^74]  has 
shown  that  m  such  cases  the  scintillations  show 
a  large  storm  time  component  which  is  ordered 
III  universal  time  It  is  not  surprising  therefore  that 
the  average  local  lime  behavior  in  the  Kp  =  4-<) 
period  does  not  show  the  effects  observed  individu¬ 
ally  dining  some  great  magnetic  storms 

fhe  existence  of  a  quiet  lime  component  of 
mid-latiiude  scintillations  is  rather  clearly  shown 
in  the  multistation  winter  plot.  Even  though  Ihe 
magnitude  of  this  scintillation  component  is  about 
?.  dB,  Ha\i<  ||47x)  Il  ls  pointed  out  that  this  level 
represents  twice  the  intensily  used  to  define  Ihe 
scinlillaiion  boundary  [,-lurnnv  et  al  .  I%4|  She 
has  shown  by  anaivsis  of  in  silu  data  from  Ogo 
n  and  Sagamore  Hill  scinlillaiion  data  lor  similar 
lime  periods,  that  some  of  these  irregularities  are 
associated  with  magnetically  conjugate  sharp  den¬ 
sity  giadienis  and  has  discussed  Ihe  various  plasma 
insiabilit a  s  iliai  may  create  Ihe  small-.scale  irregu- 
lariiies  However  the  origin  of  the  sharp  gradients 
theno.elv  e-.  remains  unclear  f  rom  Ihe  point  of  view 
of  conununical ions  the  present  data  base  shows 
(hai  mid  laliMdc  sciruillalion  will  probably  not  be 
,1  problem  m  Ihe  VHl  /fJflf  range,  and  it  is  the 
auroial  region  that  is  the  seal  ol  the  potential 
problems 

In  com  liision  we  wish  to  Male  that  Ihc  morphol¬ 
ogy  of  t,ii'l>  laiiliidc  .scinlillalions  .is  yibserved  in 
the  North  Xiiantic  secloi  with  a  ?  i  variation  of 
VH!  .einlillalion  magnitude  Inun  summer  lo  winter 
IS  quite  dillercnl  from  thal  expected  on  the  ba.sis 
id  even  the  lecenlly  modified  global  model  propo.sed 
bv  hrtmouw  et  al  |IV77|  We  feel  (hat  (he  empirical 
model  presented  in  the  companion  paper  I  Aarons 
ft  al .  i'<7'»|  will  be  more  realistic  for  commtinica 
lions  channel  modeling  purposes,  particularly  m  ihc 


North  Atlantic  sector.  Much  mure  information  is 
necessary  on  ihe  seasonal  as  well  as  the  polar  cap 
behavior  before  a  truly  global  high-latitude  model 
can  be  developed 

A rknoti U{J)(menf s  We  ihank  H.  MdcKen/ie  for  her  mvalu- 
able  assistance  in  organizing  ihe  data.  The  computer  program 
for  the*  three-stalion  contour  diagrams  was  developed  by  M 
Meiidillo  M  h  Whitney  and  J  P  Mullen  were  particular]> 
helpful  in  the  acquisition  and  analysis  of  Sagamore  Hill  and 
<M)osc  Bay  data  Ihe  Narssarssuaq  data  were  obtained  in 
cooperation  with  the  Danish  Meteorological  Insiiluir;  in  particu¬ 
lar.  wc  acknowledge  the  efforts  of  K  Damgaard  and  I  S 
Mikkeiseii 
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By  making  measurements  oC  (he  scintillations  ol  the  l37>MHz  beacon  of  ATS  3  at  three  sites 
along  the  70^W  meridian,  it  was  possible  to  amass  a  data  bank  sufficient  to  obtain  empirical  analytical 
formulas  of  aver<«ge  scintillation  at  subaururul  and  aurora!  latitudes.  The  data  base  consisting  of 
l5-min  sciritilUiion  indices  of  3  7  years  of  observations  from  Sagamore  flill.  Massachusetts.  Goose 
Bay.  I  abrador.  and  Narssarssuaq.  Greenland,  has  been  piesentcd  and  discussed  in  a  companion 
paper  Forcing  lunctions  lor  ihc  empirical  formulations  arc  time  ol  day.  day  of  the  year,  magnetic 
index,  and  solar  llux  I  he  liniitaiions  of  the  data  arc  outlined  including  single  frequency  of  observations 
and  ihe  problem  ol  liniiied  excursion  of  scintillations  C  orrections  are  given  for  geometrical  effects 
using  varying  irregularity  configurations. 


INTRODUCTION 

Over  ihe  period  of  1971  (o  (he  present,  u  senes 
ol  aitenipis  has  been  made  todeveli'pan  irregularily 
mode!  designed  to  predict  the  irregularities  respon¬ 
sible  lor  .scintillation  of  transionospheric  radio  sig¬ 
nals,  One  iiiodel  has  developed  from  work  by 
h'remiiUM  ii'itJ  Hates  11971)  and  h'remouw  and  Hint) 

1 1973)  Alter  a  critique  of  the  work  by  one  of 
the  jutliois  .9  ihis  paper  \Aarons.  1973),  Pope 
|I974|  inodiiicd  (he  high-latilude  terms  to  show 
iheeffe.i  ol  increasing  magnetic  activity.  A  further 
modification  has  been  recently  developed  by  I're- 
mouwetat  )I977|  in  which  a  magnetic  dependence 
•.s  utilised  for  Ihe  high  latitudes.  However,  seasonal 
v.arialiors  arc  not  considered  in  the  high-latitude 
region.  Ihe  aim  of  this  paper  is  to  introduce  into 
the  lilcraiiire  the  sea.sonal.  solar  t1ux.  and  magnetic 
dcpendenci  at  auroral  and  subai.roral  l.itiludes  as 
wi-i:  .s  at  a  iiiid-lalitude  station 

A  leceiil  aliempt  to  expand  the  earlier  I'remtiuw- 
Riiio  model  using  spread  t  data  ISingtelon,  1979) 
IS  considered  unrealistic.  The  morphologies  of 

this  putw'  rtiii  suNo  '  '<•  I'  S  iiipvHgkl  PuMiiihed  *n  IVHD  hy  Ihe  AmeitiM 
•  reophyvKul  I  num 


spread  F  and  of  scintillation  ate  considetably  dif¬ 
ferent,  as  has  been  pointed  out  in  a  companion 
paper  (Basu  and  Aarons  [1980] .  hereafter  referred 
to  as  paper  I).  At  middle  and  equatorial  latitudes, 
for  example,  it  has  been  found  [Huang,  1970;  R. 
G.  Rastogi,  private  communication,  1978)  that  range 
spread  type  of  spread  F  is  correlated  with  scintilla¬ 
tion  activity,  while  frequency  spread  is  not.  Yet 
the  vast  portion  of  spread  /''data  used  in  morphology 
studies  does  not  differentiate  between  the  two  types. 

At  high  latitudes,  lonosonde  data  frequently  dis¬ 
appear  during  magnetic  storms  when  auroral  ab¬ 
sorption  is  high  and  during  polar  cap  events  when 
D  layer  absorption  takes  place.  Merely  assuming 
that  spread  F  takes  place  during  these  blackouts 
IS  inadequate,  since  it  has  been  shown  that  the 
intcn.sity  of  the  irregularities  increases  considerably 
[Aarons.  1976). 

In  any  event  any  model  must  be  tested  with  a 
body  of  observations  such  as  we  present:  the  aim 
of  the  paper  is  to  develop  analytical  formulas  from 
a  large  data  base.  The  levels  obtained  from  this 
empirical  base  can  then  be  used  to  realistically  test 
more  ambitious  models.  The  data  base  used  is  a 
senes  of  measurements  of  the  scintillations  of  one 
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synchronous  satellite  beacon.  ATS  3,  transmitting 
at  137  MHz.  The  analytical  terms  provide  mean 
scintillation  excursions  as  a  function  of  time  of 
day,  month,  solar  flux,  and  magnetic  index.  With 
forecasting  of  solar  flux  and  magnetic  index,  a  user 
in  the  latitude  range  covered  would  have  an  indica¬ 
tion  of  mean  scintillation  to  be  expected. 

It  should  be  noted  that  these  formulations  are 
models  only  in  a  very  limited  sense.  The  data  were 
taken  near  the  70°  west  longitude  region;  therefore 
the  validity  of  the  formula  is  in  all  likelihood 
restricted,  since  the  offset  of  the  earth’s  dipole 
axis  vis-a-vis  the  earth's  axis  of  rotation  would  be 
expected  to  produce  effects  at  the  same  invariant 
latitudes  that  differ  from  those  at  70°W.  In  paper 
I  the  data  base  from  which  this  limited  modeling 
has  been  developed  is  presented  and  discussed. 

There  are  other  problems  associated  with  the 
formulas,  such  as  inadequately  documented  geo¬ 
metrical  effects,  the  relatively  limited  range  of 
excursions  capable  of  being  recorded  by  the  equip¬ 
ment  used,  and  the  question  of  polar  and  auroral 
effects  during  intense  magnetic  storms.  These  prob¬ 
lems  result  in  limited  accuracy  of  the  developed 
analytical  equations.  However,  the  long-term  mea¬ 
surements,  the  availability  of  complete  diurnal  cov¬ 
erage,  and  the  consistency  of  the  data  reduction 
methods  will  add  to  the  relatively  sparse  data  base 
of  scintillation  levels  available  at  this  time. 

CHARACTERIZATION  OF  FLUCTUATION  INDEX 

Scintillations  in  amplitude  can  be  characterized 
by  a  depth  of  fading  index.  Tlie  most  valid  scintilla¬ 
tion  index,  5^ ,  which  is  proportional  to  rms  electron 
density  deviation,  is  deftned  as  the  square  root  of 
the  variance  of  received  power  divided  by  the  mean 
value  of  the  received  power  [Briggs  and  Parkin, 
1963].  An  alternative,  less  rigorous  quantitative 
measure  of  scintillation  index  was  adopted  by  the 
Joint  Satellite  Studies  Group  (JSSG)  to  ensure  a 
standard  method  of  data  scaling  in  long-term  sta¬ 
tistical  analysis.  This  index,  known  as  dB,^^,,,  is 
used  in  the  cunent  study. 

The  deftnition  is 


where  P^,  is  the  power  amplitude  of  the  third 
peak  down  from  the  maximum  excursion  of  the 
scintillations  and  is  the  power  amplitude  of 
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the  third  peak  up  from  the  minimum  excursion, 
measured  in  dB  [tyhilney  et  al.,  1969] . 

The  equivalence  of  .selected  value.s  of  the.se  in¬ 
dices  as  obtained  by  observational  comparisons  is 
indicated  in  Table  I. 

DATA  BASE 

The  data  were  available  from  three  slation.s.  These 
.stations  with  their  tran.sionospheric  positions  in  the 
subauroral  through  auroral  latitudes  allowed  a  mod¬ 
est  coverage  of  high-latitude  scintillations. 

The  IS-min  samples  of  scintillation  index  (dB) 
data  for  the  ATS  3  satellite  for  the  stations  have 
been  augmented  into  a  complete  data  base  on  tape. 
The  dates  of  the  data  used  for  each  station  are 
September  17,  1968,  to  September  1,  1974.  for 
Narssarssuaq;  January  I,  1972,  to  December  31, 
1974,  for  Goose  Bay;  and  December  I,  1969,  to 


Fig.  1.  The  ionospheric  (3S0>km  altitude)  intersections  of  the 
ray  paths  from  ATS  3  located  li  70^W  to  the  observing  sites 
at  S^amore  Hill,  Goose  Bay.  and  Narssarssuaq. 
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November  30,  1974,  for  Sagamore  Hill.  Goose  Bay 
data  for  1974  cover  mainly  November  and  De¬ 
cember. 

The  three  stations  are  situated  near  the  70“W 
meridian,  and  their  propagation  paths  to  the  ATS 
3  satellite  are  shown  in  Figure  I  Their  geographical 
and  invariant  latitude  coordinates  and  geometrical 
parameters  are  given  in  Table  2.  The  last  two 
columns  in  Table  2  provide  the  ionospheric  zenith 
angles  at  an  altitude  of  3S0  km  and  the  propagation 
angles  (l  e..  the  angle  between  the  ray  path  and 
the  magnetic  field),  respectively. 

PORCINO  FUNCTIONS 

In  this  initial  development,  relatively  simple 
enuaiions  were  developed  to  reproduce  the  mean 
scintillaiion  excursions  at  the  three  stations.  These 
forcing  paramclers  included  the  following. 

I’liinfUtrv  ntuf’nelic  index.  Kp.  It  has  been 
shown  that  at  high  latitudes  (which  in  this  ca.se 
include  the  Narssarssuaq  and  Goose  Bay  observa¬ 
tions  and  during  severe  magnetic  storms  the  Saga¬ 
more  Hill  observations).  Kp  is  a  forcing  function 
[Aarons  and  Allen.  1971] . 

Solar /lus.  V.arly  v/ork  by  Aarons  et  al.  |I97I| 
showed  lhal  sunspot  activity,  even  when  divorced 
Irvin  magnelic  index  variations,  had  an  effect  on 
scinlillalion  behavior.  Utilizing  the  2695-MHz  solar 
measurements  at  Sagamore  Hill,  we  separated  ob¬ 
servations  into  three  regimes  of  solar  flux  units 
(.V,)  (1)0  95,  (2)  96  120,  and  (3)  121  and  greater. 
Scinlillalions  do  not  in  c' cry  month  increase  with 
increasing  solar  flux  but  vary  ,is  a  function  of 
seasrrn 

Seasonal  parameter.  A  very  dramatic  minimiz¬ 
ing  .  .  diurnal  effects  is  shown  in  the  Narssarssuaq 
observations  over  the  winter  [Ba.su.  I975| .  This  has 
been  accounted  lor  in  Ihe  equations 

Diurnal  paliern  This  includes  the  variation  of 
scintillaiion  magnitude  as  a  function  of  local  time 
under  m.ignetically  quiet  and  disturbed  conditions 
as  modulated  by  the  sea.sonal  function. 


Analyses  were  conducted  separately  for  each 
station.  The  data  were  partitioned  into  12  months, 
7  Kp,  3  solar  flux  (at  2.7  GHz),  and  24  UT  ranges 
The  Kp,  S^,  and  SI  readings  were  averaged  in  each 
block.  A  compact  file  was  thus  made  available  for 
high-speed  iterative  modeling  studies.  The  seven 
Kp  ranges  are  0-1,  I -F  to  2,  2-)-  to  3,  3-1-  to  4, 
4-f  to  5,  5-t-  to  6,  and  6-1-  and  up.  The  three 
ranges  are  0-95,  96-120,  and  121  and  up.  Tables 
of  the  averaged  SI  are  provided  for  each  of  the 
stations. 

Out  of  a  maximum  possible  6048  blocks  (12  x 
7  X  3  X  24),  the  averaged  files  comprise  the 
following:  Nars.sarssuaq,  4985  blocks;  Goose  Bay, 
4217  blocks;  and  Sagamore  Hill,  5065  blocks.  The 
empty  blocks  generally  correspond  to  the  highest 
two  Kp  ranges,  i.e..  5-i-  and  up,  and  occasionally 
the  highest  5^  range. 

IVIODKLINCi  AT  HIGH  LATITUDES 

A  search  was  conducted  to  derive  an  empirical 
analytical  formula  of  SI.  Analytical  forms  were 
preferred  to  ensure  smooth  transitions  as  a  function 
of  the  driving  functions,  namely,  day  of  year,  Kp, 
Sf,  and  universal  time.  These  forms  also  permitted 
use  of  regression  techniques  for  least  squares  fitting 
to  the  averaged  data  file.  In  the  course  of  the  search 
for  improved  fits,  special  characteristics  of  the  data 
were  noted  which  suggested  elaborations  of  the 
form.  Examples  are  the  delayed  peak  in  the  diurnal 
SI  variation  with  higher  Kp,  the  seasonal  effect 
on  diurnal  variation  amplitude  relative  to  the  average 
SI.  the  seasonal  effect  on  influence  of  Kp  and  5^-, 
and  the  need  for  higher  harmonics  to  represent  the 
diurnal  variation. 

Separate  analytical  formulas  were  developed  for 
each  station.  These  individual  models  approximate 
the  actual  data  base  as  closely  as  possible,  while 
smotithing  abrupt  variations  to  fit  an  analytical  form. 

The  appendix  presents  the  formula  for  each 
station  in  terms  of  local  time.  The  difference  be¬ 
tween  universal  time  and  local  time  at  the  subiono- 
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NARSSARSSUAO  MONTH  3 


Fig.  2.  Sample  behavior  of  dau  (solid  curve)  and  the  best^fitting  model  (dashed  curve)  in  UT  st  Narssarssuaq 
as  a  function  of  different  Kp  and  solar  flux  groupings  for  the  month  of  March. 


SOLAR  FLUX  0*95 


GOOSE  BAY  MONTH  3 
96'I20 


i2i-  UP 


Fig.  3.  Sample  of  behavior  of  dau  (solid  curve)  and  the  bcsi-ritiing  model  (dashed  curve)  in  UT  at  Goose 
Bay  at  a  function  of  different  Kp  and  solar  flux  groupings  for  the  month  of  March. 


73 


HIGH-LATITUDE  SCINTILLATION 


119 


'^AoAMTjNt.  HU  I  MONtH  ) 
SOLAR  f  LJK  0  '♦'»  06  IPO 


•.'0 

if'i- 

o[ 


!  Kp  0  1 

•  1 

i 

1  ?. 

] 

1 

_ 

r 

;  Kp  4  [ 

'  i 

••  t  ,  , 

V  1 

■  Kp  4  b 

1 

*■ 

\ 

'  Kp  ^  6 

n 

i 

Kp  >6 

h 

.  -r 

t 

i 

_ 

r . 


1 

-i 


1 


Fig  4.  Sample  of  behavior  of  Uau  (solid  curve)  and  the  besi-fiuing  model  (dashed  curve)  in  UT  al  Sagamore 
Hill  as  a  function  of  different  Kp  and  solar  flux  groupings  for  the  month  of  March. 


spheric  point  (350  Icm)  was  taken  to  be  3.4  hours 
at  Narssarssuaq,  4.1  hours  at  Goose  Bay,  and  4.7 
hours  at  Sa)^ainot«  HtU.  In  the  model  equations 
the  cosine  arguments  (in  radians)  that  include  the 
terms  for  day  number  (DA)  and  hour  (HL)  assume 
a  multiplicative  term  of  2ir/365  and  2it/24,  respec¬ 
tively  Though  not  shown  in  the  equation  for  reasons 
of  convenience,  these  must  be  included  in  the 
calculations 

In  Figures  2-4,  typical  comprehensive  compara¬ 
tive  plots  of  the  averaged  data  (solid  curve)  and 
the  model  (dashed  curve)  are  provided  for  each 
station  The  model  predictions  used  the  actual 
averaged  data,  Kp  and  S,  for  each  hour,  and  are 
therefore  absent  when  data  are  absent.  These  best 
fit  models  may  occasionally  predict  small  negative 
5/'s,  these  can  be  made  to  asymptotically  approach 
zero  by  replacing  a  value  V  which  is  less  than  0.5 
by  This  ensures  continuity  in  the  predic¬ 

tions  near  0.5  and  introduces  minimal  distortion, 
since  only  the  very  low  scintillations  are  adjusted. 

tyUATIttNS  ANI>  DA  I  A 

To  illustrate  the  behavior  of  the  data  and  of  the 
best  fitting  equations,  Narssarssuaq  data  are  shown 


in  Figure  2  for  the  month  of  March.  One  can  note, 
for  example,  along  the  left-hand  side  for  the  solar 
flux  set  of  0-95,  that  scintillations  increase  with 
increasing  Kp.  The  dotted  curve  is  the  model 
equation,  and  the  solid  curve  connects  I -hour  means 
of  scintillation  excursions. 

Along  any  series  of  boxes  with  identical  Kp,  one 
can  note  that  the  model  and  the  data  indicate  that 
the  general  trend  is  for  the  scintillation  excursions 
to  increase  with  increasing  solar  flux. 

The  behavior  of  the  Goose  Bay  data  and  best-fit¬ 
ting  formula  for  March  are  shown  in  Figure  3.  Within 
each  particular  solar  grouping,  scintillations  in¬ 
crease  with  increasing  Kp.  For  the  same  Kp  group¬ 
ing,  the  scintillation  excursions  increase  with  in¬ 
creasing  solar  flux. 

Behavior  of  the  Sagamore  Hill  data  and  model 
for  March  are  shown  in  Figure  4.  For  the  low  solar 
flux  group  (0-95)  a  very  slight  increase  in  scintilla¬ 
tions  associated  with  increasing  Kp  is  seen.  The 
same  is  true  of  the  solar  flux  group  96-120,  while 
for  high  solar  flux,  the  increase  with  Kp  becomes 
more  noticeable.  In  general,  within  a  particular  Kp 
grouping,  scintillation  index  increases  with  increas¬ 
ing  solar  flux. 
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LIMITING 

A  basic  problem  in  the  data  and  the  modeling 
is  the  problem  of  limiting.  Since  the  attempt  in 
this  model  was  to  find  average  excursions,  the 
limited  signal  to  noise  ratio  of  the  recordings  resulted 
in  excursions  at  137  MHz  being  at  their  maxima 
16-19  dB  (depending  on  equipment).  Thus,  for 
example,  if  the  15-min  indices  for  2200-2215  on 
any  month  all  showed  excursions  of  19  dB.  the 
average  would  be  19  dB.  As  has  been  shown  by 
other  experiments  with  greater  signal  to  noise 
ranges,  the  excursions  could  have  been  ^26  dB. 
Equipment  limitations  would  not  have  indicated  the 
higher  values.  Thus  a  comparison  with  higher- 
frequency  data  will  possibly  serve  only  to  indicate 
occurrence  patterns  and  the  effect  of  various  forcing 
functions;  frequency  dependence  reductions  dune 
with  this  model  are  of  limited  validity.  In  this  respect 
it  is  important  to  note  that  phase  .scintillation  mea¬ 
surements  are  generally  free  from  the  limiting  prob¬ 
lem. 

averaged  versus  median  data 

In  order  to  test  if  the  averaged  data  were  skewed 
by  problems  of  limiting,  the  mean  values  were 
compared  with  medians.  Figure  S  illustrates  this 
for  Narssarssuaq;  it  can  be  seen  that  no  substantial 
differences  occur  between  the  averaged  and  the 
median  dB  values.  For  low  scintillation  activity, 
averaged  values  tend  to  be  higher  than  median 
values.  Similar  comparisons  with  roughly  the  same 
results  were  made  with  both  Sagamore  Hill  and 
Goose  Bay  data. 

distribution  of  occurrenc  e 

OF  SC  INTILLATION 

From  the  engineering  viewpoint,  distribution  of 
the  occurrence  of  various  levels  of  scintillations 
allows  systems  designers  to  evaluate  degradation 
of  proposed  or  current  systems.  Distribution  anal¬ 
yses  were  conducted  of  the  high-latitude  data  files. 
These  data  are  shown  partitioned  into  two  signifi¬ 
cant  .scintillation  blocks,  dB  and  ^9  dB.  The 
data  are  then  divided  into  night  (17  05  LT)  and 
day  (05-17  LT).  These  distributions  are  giver,  in 
Table  3. 

frequency  dependence 

In  order  to  fully  utilize  the  formulas,  it  is  desirable 
to  be  able  to  extrapolate  the  dB  values  resulting 


TABLE  3  Percenuge  of  occurrence  of  scuitilUtion  (peak  lo 
peak) 


Scintill4tii>n 

Night 

Day 

Block 

(17-05  I.T)  (05 

17  LT) 

Narssarssuaq.  Oreenland.  ATS  .J.  137  MHz 

A'  -  a  3+ 

.rt,  dB 

46  3 

14  5 

»<»  dB 

29  4 

6  2 

A  ^  4-9 

*6  dB 

78.8 

47  2 

>9  dB 

61.8 

31  0 

Goose  Bay,  Labrador,  ATS  3,  137  MHz 

A  =^0-3+ 

-6  dB 

S.3 

0.5 

a:9dB 

3.9 

0.2 

A  =  4-9 

2-6  dB 

30.2 

8.3 

?9dB 

15.0 

3,7 

Saf^amore  HiH,  Massachu.Ketts,  A  TS  3,  137  MHz 

A  -  0-3  + 

dB 

5.4 

0  3 

>9  dB 

2  5 

0.1 

A  ^  4  -9 

:>6dB 

6.9 

0,7 

.»9dB 

3  6 

0.3 

from  the  137-MHz  data  base  to  values  for  higher 
frequencies.  This  entails  the  use  of  the  spectral 
index  1),  where 

i|=  llog(S,/Sj)l/llog(/,//,)) 

The  scintillation  index  is  in  terms  of  ( Whitney. 
1974) .  This  expression  is  valid  as  long  as  the 
scintillation  index  is  a  constant  power  law  function. 
Under  conditions  of  weak  scattering,  a/  '  ’  varia¬ 
tion  with  S,  indices  is  noted  and  is  consistent  with 
a  three-dimensional  irregularity  power  spectral 
index  of  4  [Rufenach,  1974;  Whitney  and  Basu, 
1977] . 

Recent  observations  \Fremouw  et  al..  1978)  em¬ 
ploying  10  frequencies  between  138  MHz.  and  2.9 
GHz.  transmitted  from  the  same  satellite  DNA  002. 
show  a  consistent  /  '  '  behavior  of  S,  for  S,  less 
than  about  0.6.  These  data  were  taken  at  both 
equatorial  latitudes  (Ancon)  and  high  latitudes 
(Poker  Flat.  Alaska),  in  both  cases  the  frequency 
dependence  becomes  less  steep  for  stronger  scin¬ 
tillation.  saturating  for  values  of  approaching 
unity,  as  expected  for  ‘fully  developed’  intensity 
scintillation  obeying  a  Rayleigh  distribution. 

GEOMETRICAL  CONSIDERATIONS 

It  has  been  noted  that  scintillations  maximize  both 
at  low  angles  of  elevation  and  when  the  signal 
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propagation  path  is  parallel  to  the  lines  of  force 
of  the  earth’s  Held.  In  order  to  fully  examine  the 
problem  of  geometry,  a  model  would  need  to  be 
developed  in  which  the  irregularity  shape  and 
elongation  varied  as  a  function  of  latitude,  time, 
and  geomagnetic  conditions. 

Martin  and  Aarons  [1977]  interpreted  synchro¬ 
nous  satellite  data  in  the  Narssarssuaq-Goose  Bay 
area  by  using  a  Gaussian  irregularity  spectrum  for 
the  irregularities.  They  found  the  irregularities  to 
be  elongated  along  the  magnetic  field  with  a  S;2:l 
configuration,  where  the  first  term  is  u.  elongation 
of  the  irregularity  along  the  lines  of  force  of  the 
magnetic  field,  the  second  term  is  y,  orthogonal 
to  the  elongation  along  the  lines  of  force,  being 
the  magnetic  east-west  dimension,  and  the  last  term 
is  orthogonal  to  the  other  two  planes,  i.e.,  magnetic 
north-south. 

Rino  el  al.  (1978],  by  observing  the  Wideband 
satellite  (~IOOO-km  altitude)  in  Poker  Flat,  Alaska, 
fmd  evidence  for  L  shell  aligned,  sheetlike  irregu¬ 
larities  with  a  lower  bound  to  the  configuration 
of  10. 10:  I. 

Mikkelsen  el  al.  [1978]  have  attempted  to  deter¬ 
mine  the  theoretical  scintillation  index  when  the 
irregularities  are  described  by  a  power  law  power 
spectrum.  This  utilizes  the  coordinates  of  the  radio 
ray  in  the  local  coordinate  system  with  set  values 
for  the  elongation  of  the  irregularities  along  and 
perpendicular  to  the  magnetic  field  lines.  Mikkelsen 
et  al.  assumed  that  the  approximate  dividing  line 
between  weak  and  strong  scintillation  is  ~9  dB, 
with  5/  <  9  dB  denoting  the  weak  case.  For  this 
case  the  geometric  variation  of  S,  is  given  by 

cc  |//cosi/(i|),<t))| 

where 

I  ionospheric  zenith  angle,  equal  to  the  angle  between 
the  radio  ray  and  the  irregularity  layer; 

<|i  propagation  angle,  equal  to  the  angle  between  the 
radio  ray  and  the  magnetic  field  direction; 

4)  azimuth  of  the  radio  ray  in  local  coordinate  system 
of  z  axis  along  the  magnetic  field  direction  and  v  axis 
in  the  magnetic  east-wesi  direction; 

/(i|;,  ^)  -ay(y^  cos’  <ti  +  sin’  <l>  +  cos’  i|i(cos’  <t>  + 
•/’sin’ll))  o’sin’il))/  (■v’cos’i|<  +  u’sin’jity’cos’di 
+  sin’  <t>)) 

z  reduced  slant  range  to  irregularity  layer,  equal  to 
Zi(Zj  -  z,)/z,,  where  z,  is  the  slant  range  to 
irregularity  layer  and  z,  is  the  slant  range  to  satellite, 
a  elongation  of  the  irregularities  along  the  magnetic 
field  lines; 


y  elongation  of  the  irregularities  in  the  magnetic  easi- 
west  direction. 

Using  this  irregularity  tormulation,  Mikkelsen  et 
al.  (1978]  found  the  Nars.sarssuaq  observation  of 
the  orbiting  satellite.  Nimbus  4,  al  an  altitude  of 
1 100  km  a  best  fit  of  irregularity  configuration  with 
2.5: 1.3:  I. 

In  order  to  present  a  simplified  solution  to  this 
problem,  correction  factors  for  the  three  high-lati- 
tude  stations  under  the  assumption  of  the  ellipiical 
column  model  of  individual  irregularities  of  5  km 
along  the  lines  of  force  of  the  earth's  magnetic 
field,  2  km  orthogonal  to  the  lines  of  force  (E  W), 
and  of  I  km  in  the  north-.south  meridian  as  deter¬ 
mined  by  Martin  and  Aarons  [1977]  have  been 
calculated. 

For  purposes  of  comparison,  we  have  illustrated 
geometrical  corrections  to  the  data  from  Narssars- 
suaq  for  a  I  lOO-km  orbiting  satellite  assuming  a 
Gaussian  power  spectrum  (Figure  6)  and  a  power 
law  model  (Figure  7).  Correction  factors  have,  in 
addition,  been  calculated  for  the  35()-km  intersection 
of  the  ATS  3  satellite  using  the  power  law  model. 
The  values  derived  from  the  formulas  presented 
in  the  appendix  would  be  reduced  by  l..‘'  for 
Narssarssuaq,  l.l  for  Goose  Bay.  and  1.2  for 
Sagamore  Hill.  We  have  not  incorporated  these 
correction  factors  in  the  constants,  since  the  irregu¬ 
larity  configuration  is  not  agreed  upon.  It  is  possible 
that  it  changes  as  a  function  of  latitude,  solar  and 
geomagnetic  activity,  and  perhaps  even  local  time. 
Factors  given  above  are  probably  minimum  reduc¬ 
tions  relative  to  overhead  values. 

COMPARISON  OP  MODEL  PORMDl  AS  WIVII 
Mll.I.STONl  MU. I,  DATA 

In  order  to  validate  the  Narssarssuaq  and  Goose 
Bay  equations  using  an  independent  .set  of  observa¬ 
tions  at  a  higher  frequency,  a  comparison  was  made 
with  Millstone  Hill  observations  of  Navy  Navigation 
Series  satellites  ( Wand  and  Evans.  1975] .  This 
Millstone  Hill  data  consisted  of  S,  .scintillation 
indices,  taken  in  the  period  1971  1974  (a  period 
of  medium-high  solar  flux),  at  400  MHz,  normalized 
to  zenith  using  an  assumed  three-dimensional  power 
law  spectrum.  The  data  base  contained  >2(X)0  tracks 
(—600  hours  of  observations).  Contour  plots  of  this 
data  base  were  generated  in  local  lime  over  a  range 
of  42-70'’N  A  after  partitioning  the  data  into  two 
sea.sons  (summer  and  winter,  defined  between  the 
equinoxes)  and  several  different  Kp  levels,  A 
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NARSSARSSUAO  360* 


l  ig  A  Plot  of  coirettion  fsciors  for  viewmg  a  I  lOO-km  orbiling  salclliie  from  Narssarssuaq  under  assumptions 
ot  elliptical  column  irregularity  model  and  a  Gaussian  irregularity  power  spectrum. 


NARSSARSSUAQ  360* 


pig  7  Plot  of  correction  factors  for  viewing  a  I  lOO-km  orbiting  satellite  from  Narssarssuaq  under  assumptions 
of  elltptical  column  irregularity  model  and  a  power  law  irregularity  power  spectrum. 
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de(l37MHi) 

Pig  S  Relalianship  bdween  .V,  at  4(g)  Ml(/  and  scmdllation  (dB)  al  IJ7  MU/ 


comparison  of  the  data  was  restricted  to  the  60  64" 
A  range. 

For  comparison  purposes,  model  dB  values  were 
generated  for  S,  =  120  (to  correspond  to  the  me¬ 
dium-high  solar  flux  level  of  the  Wand 
and  Evans  data),  for  each  hour  (local  time),  for 
each  month,  then  averaged  within  the  two  .seasons, 
and  normalized  and  converted  to  (4(K)  MHz) 
by  means  of  Figure  X.  These  w'erc  then  corrected 
to  overhead  zenith  using  correction  factors  deter¬ 
mined  by  the  method  of  Mikkel.sen  ci  a!.  ||y7X| 


mentioned  in  the  previous  section  with  irregularity 
form  of  «  5  (elongation  along  magnetic  field 

lines)  and  y  2  (elongation  of  irregularity  in 
magnetic  east-west  direction)  Fhese  factors  were 
approximately  1.5  for  Narssarssuaq  and  I  I  for 
Goose  Bay.  lower  than  the  factors  (which  corrected 
only  for  elevation  angle)  of  2.5  and  1.8,  respec'-v.'ly. 
if  the  corrections  developed  by  Wand  and  Evans 
were  applied  to  the  Narssarssuaq  and  Goose  Bay 
intersections.  The  resulting  comparison  of  the  two 
data  sets  is  shown  in  Figures  9  and  10  for  the 


SUMMER  Kp-4  6 

Fig  9  Comparison  of  Wand  and  Evans  400-MHz  summer  data  for  the  disturbed  magnetic  ca.se  (solid 
curves)  with  Narssarssuaq  and  Gou.se  Bay  model  data  (dashed  curves)  corrected  lor  ihe  ATS  3  intersection 
point  and  converted  to  401)  Mtt/ 
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WINTER  Kp*4  6 

I  1^  lo  (  otilp.insoii  W.inJ  and  1  vans  Vrintcr  Jala  for  the  JiMiirlH'd  magnciiL  case  (solid 

curves)  with  Narssarssuaq  arid  (ioose  Hay  rnctdcl  data  fdashrd  curves)  corrected  Iru  ihc  ATS  1  intersection 
point  and  convertci]  to  400  Mil? 


disturbed  magnetic  case,  A'  -  4.5.  Under  quiet 
magnetic  conditions,  A  -  2,  the  trends  are  very 
similar,  with  lower  S,  v.ilues  for  both  .sets  of  data. 

For  the  summer  data  at  both  A  =  2  and  A'  = 
4.5  the  formulas  predict  somewhat  higher  local 
midnight  values  than  the  Wand  and  Evans  data 
shew  Thecompartsonof wtnter observationsshows 
agreement  within  less  than  a  factor  of  2  in  the 
region  below  M'\  the  latitude  of  the  Narssarssiiaq 
intersection  The  contours  of  Wand  and  Evans 
depict  a  winter  maximum  at  —14  16  LT  at  their 
lowest  observational  latitudes,  i,e.,  in  the  auroral 
zone  between  65  and  69".  Confining  our  comparison 
to  latitudes  below  these,  their  winter  (September 
February)  can  be  compared  to  the  data  base  collect 
ed  at  Narssarssuaq  by  refering  to  Figure  5  of  paper 
I  the  Narssarssuaq  contours  In  that  figure  for  64". 
the  bri'ad  maximum  of  activity  is  between  16  and 
03  I  f  III  September  and  in  February  and  between 
midnight  and  02  1.3  in  December  and  January 
fo  furtliei  pursue  the  comparison  with  Wand  and 
Fxan-  an  independent  set  of  measurements  r>f 
SI  iiitill.i.n'iis  of  the  M-.MIl/  bear  rm  of  the  lOOO-km 
orbiting  s.itellite  fransit  IV -.A  (the  forerunner  of 
NNSS)  were  used.  This  data  ha.se  consists  of  over 
2I.()<)0  l-min  scintillation  value,  observed  from 
Sagamore  fill!  in  the  period  Irom  liiiv  !9M  to  April 
|9f.,,  a.id  has  been  divided  into  summer  and  winter 
observations  During  the.se  years,  the  average  solar 
tlux  was  lower  than  in  the  years  of  the  Wand  and 
i  vans  data.  While  the  Tran.sit  measurements  suf¬ 
fered  from  strong  scattering  at  high  latitudes,  the 
form  of  the  diurnal  pattern  can  be  easily  obtained 
Irom  the  extensive  data  base 


The  summer  diurnal  pattern  in  this  Transit  IV-A 
data  is  such  that  for  low  Ap.  the  lowest  latitude 
ol  the  SI  ?  609f  contour  was  reached  at  —21-24 
LT,  while  under  disturbed  magnetic  conditions,  this 
occurs  slightly  later,  —21-03  LT,  in  agreement  with 
the  model  contours.  The  winter  diurnal  pattern  for 
both  quiet  and  disturbed  magnetic  conditions  .shows 
the  lowest  latitudinal  extent  of  the  SI  z  60%  contour 
to  occur  —21-24  LT. 

Although  the  data  were  taken  at  low  elevation 
angles  to  an  invariant  latitude  of  -69°.  the  low 
frequency  observed  (54  MHz)  and  the  signal  re¬ 
cording  techniques  produced  limiting  so  that  the 
.scintillation  indices  obtained  from  the  Transit  set 
could  not  be  used  quantitatively.  It  would  appear 
as  if  the  analy  tical  formulas  presented  are  valid 
to  the  latitude  of  64°  as  shown  by  both  the  ATS 
3  and  the  Transit  IV-A  data  The  Wand  and  Evans 
observations  indicate  a  different  maximum  for  win¬ 
ter  for  latitudes  above  64”,  in  no  way  invalidating 
the  formulas  presented. 

DfSClJSSfON 

The  cuncepi  of  this  organization  of  a  large  data 
base  over  a  limited  geographic  area  was  to  provide 
users  of  scintillation  data  a  means  of  predicting 
what  changes  in  various  forcing  functions  would 
do  to  the  diurnal  pattern  of  scintillation  activity. 
Other  models  have  been  developed  which  attempt 
a  wider  sweep  of  prediction  at  high  latitudes  [Fre- 
mouw  el  al.,  1977). 

However,  it  is  the  opinion  of  the  authors  of  this 
paper  that  there  are  too  many  unknowns  at  this 
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time  to  do  more  than  codify  and  .simplify  the  data. 
Questions  exist  as  to  the  configuration  of  the 
irregularities  and  to  the  variations  of  the  three- 
dimensional  structure,  as  to  the  thickness  of  the 
layer  of  irregularities,  and  as  to  irregularities  being 
in  the  £  and/or  the  F  layer  at  various  stages  of 
auroral  activity.  The  entire  question  of  the  polar 
ionospheric  irregularities  and  the  effect  of  magnetic 
activity  on  the  level  of  scintillations  in  the  polar 
cap  is  still  open,  with  only  a  small  amount  of  data 
available. 

The  data  in  this  paper  had  limitations.  While  the 
data  covered  the  entire  day  (a  problem  for  high- 
inclination  low-altitude  satellite  studies  except  per¬ 
haps  at  polar  latitudes),  the  single-frequency  data 
and  the  equipment  utilized  limited  the  precise  de¬ 
scriptions  of  large  excursions  of  signal. 

The  user  of  the  formulas  generated  should  take 
the  following  steps.  The  dB  values  calculated  must 
first  be  converted  into  values,  since  geometrical 
corrections  use  S^  values.  The  obtained  from 
the  formula  through  the  conversion  may  be  correct¬ 
ed  by  the  ratio  of  the  ATS  3  correction  to  the 
geometrical  problem  under  consideration.  It  should 
be  noted  that  at  certain  azimuths  at  high  elevation 
angles  (toward  the  north,  for  example)  the  values 
are  lower  than  those  overhead.  At  low  angles  of 
elevation,  even  to  the  north,  angle  of  elevation 
effects  dominate  the  equation,  dwarfing  the  propa¬ 
gation  angle  corrections.  The  discussions  relative 
to  geophysical  parameters  have  been  given  in  paper 
1. 

Frequency  dependence  corrections  are  also  done 
with  5^  values.  They  suffer  from  the  frequency 
dependence  being  a  function  of  strong  and  weak 
scatter.  With  weak  scatter  values,  an  t)  of  1.5  can 
be  used,  but  with  strong  scatter  the  frequency 
dependence  changes.  If  two  frequencies  are  both 
strongly  scattered,  the  approximate  value  of  the 
frequency  dependence,  t),  is  zero,  i.e.,  both  signals 
are  Rayleigh  scattered 


APPENDIX 

Analytical  formulas  are  given  below  for  three 
stations.  DA  is  day  number.  As  =  5^/100,  HL 
is  local  time  (hours)  at  subionospheric  point  (350 
km),  and  Sf  is  solar  flux  at  2695  MHz  in  solar 
flux  units. 


Narssarssuaq 

.y/(dB)  -  6.4  +  V.2(l  0.2£f))|l  t  0.23(1  -  0.3£f)) 

cos(HL  +  20  +  O.UKp)  +  0.03  cos  (2(///.  -  06)) 

+  0  02  cos  (3(///.  .  ,V0))|2""“''"""”" . 

££)  =  cos(/)/t  +  L5  6)  4  0.56  cos  (2(f)4  -  22  4)) 

Goose  Bay 

57(dB)  =  -1.3+  1  1(1  -0.77A-7I)[I  +  05(1  i).ZFP) 
coslHL  +  2  1  -  O.bKp)  +  0.06  cos  (2(///.  -  2.1)) 

I  0  02cos(3(//Z,  +  5  2,)1  2'"’'"’" 

I  D  ^  cos(/,'/t  +  0  5)  +  0.2  cos  (2(0/4  -  V9)) 

Sagamore  Hill 

.S7(dB)  0  33  ♦  0  02(1  +  0  2£O)|l  +  1.2(1  0.0160) 

con  IHI.  -  0.4  -  0  l5ACp)  +  0.3  cos  (2(H£  -  0.8)) 

01cos(3(H).  +  6  l))12“"*‘'’ . 

60  -  cos  (0/4  4  56)  +  0.7  cos  (2(0/4  -  143)) 
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Abstract .  Initial  results  of  ground  and  air-borne  measurements  d 
MHz  scintillations  associated  with  ionospheric  heating  in  both  the  over 
dense  (heater  frequency  below  the  critical  frequency)  and  underdense 
cases  (heater  frequency  above  the  critical  frequency)  by  the  higli-power. 
high-frequency  transmitter  at  Platteville,  Colorado  are  discussed.  Tlic 
ground  stations  and  the  geostationary  satellites  used  m  the  experiment 
were  so  chosen  that  it  was  possible  to  explore  the  ariifnial  irregulari¬ 
ties  both  within  and  outside  the  central  heated  volume.  One  ground 
station  was  able  to  view  LtS-8  in  a  Tteld-aligncd  direction  while,  at  a 
second  ground  station,  spaced  receiver  scmtillation  measurements  were 
available  using  FLEETSATCOM.  The  instrumented  aircraft  recorded 
both  phase  and  amplitude  scintillations  and  flew  missions  m  the  north- 
south  and  east-west  directions  to  define  the  region  of  artificial  irregu- 
Unties.  The  preliminary  results  indicate  a  prompt  excitation  of  artificial 
irregularities  in  the  overdense  case  causing  2-10  dB  scintillation  at  244- 
249  MHz  and  a  lifetime  of  the  order  of  ten  minutes.  In  the  underdense 
case,  on  the  other  hand,  the  response  was  delayed  and  effects  were  ob¬ 
served  to  be  on  (he  order  of  1-3  dB  at  250  MHz,  although  a  unique 
event  of  10  dB  scintillation  was  recorded  along  the  field-aligned  propa¬ 
gation  path  The  presence  of  such  scintillations  in  (he  underdense  case 
and  their  implications  for  (he  proposed  Solar  Power  Satellite  (SPS)  are 
indicated  in  the  paper. 

Introduction 

It  has  been  established  that  high-power  HF  transmitters  operating 
at  a  frequency  below  the  maximum  ionospheric  plasma  frequency  can 
produce  significant  enhancement  of  (he  electron  gas  temperature  near 
(he  altitude  of  HF  reflection  (Gordon  e(  al..  1971;  UtUut  and  Cohen. 

1971;  for  recent  comprehensive  reviews  see  Carlson  and  Duncan,  1977 
and  Fejcr,  1979).  It  was  also  pointed  out  that  if  the  power  density  of 
the  incident  HF  radio  waves  is  sufficiently  intense  (~  lO  IOOpwm  ^). 
iheparametnc  instabilities  may  occur  in  the  ionospheric  plasma fPerkins 
et  al.,  1974;  DuBois  and  Goldman.  1972).  The  prediction  was  experi¬ 
mentally  confirmed  at  Arecibo  (Carlson  et  al  .  1972)  and  it  was  demon¬ 
strated  that  short  wavelength  (Icm-IOm)  electron  waves  are  driven 
unstable  by  the  decay  instability 

The  long  wavelength  (^1  km)  field-aligned  Irregulandes  giving  rise 
to  artificial  spread  F  (Utlaul  et  al.,  1970,  Utlaut  and  Violctte,  1972. 

Wri^t.  1973)  could  not.  however,  be  explained  in  terms  of  the  above 
instability  process.  The  causative  mechanism  for  the  generation  of  long 
wavelength  irregularities  remained  obscure  for  quite  a  while  and  is  now 
attributed  to  either  a  thermal  self-focusing  mechanism  (Perkins  and 
Valeo,  1974;  Thome  and  Perkins,  1974)  or  the  alternative  mechanisms 
of  stimvdated  BriUouin  scattering  (Cragin  and  Fejer,  1974)  and  stimu 
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lated  diffusion  scattering  (Goldman.  1974)  Nevertheless,  this  range  of 
irregulanty  scale  sizes  having  sufficient  power  spectral  intensity  can 
cause  scintillation  of  tadin  signals  received  from  radio  stars  and  artifi¬ 
cial  satellites  It  was  demonstrated  that  VMF/UHF  Signals  transmitted 
through  the  artificially  heated  ionospheric  I-  region  do  indeed  exhibit 
scintillations  (Rufenach.  197.3,  Pope  and  Frit/,  1974;  Bowhiil.  1974) 
Kadit)  star  scintillation  measurements  at  26  MHz  during  uinosphertc 
modification  indicated  (he  presence  of  either  rapid  and  random  or  deep 
long-period  f*^5  mins)  fluctuations.  In  order  to  avoid  some  of  the  diffi¬ 
culties  of  radio  star  observations.  Bowhiil  1 1974)  performed  scinlillatiun 
measurements  with  both  geostationary  and  orbiting  satellites  and  estab¬ 
lished  the  fleld-aligned  nature  of  the  irregularities  causing  VHF  and  UHF 
scintlUatJons,  their  transverse  scale  and  drift  speed.  One  feature  common 
to  all  the  above  studies  was  the  fact  that  the  heater  frequency  was  below 
the  plasma  frequency  of  the  F  region. 

In  this  papei,  we  describe  some  preliminary  results  from  a  recent 
scintillation  experiment  performed  at  two  ground  stations  in  Wyoming 
and  by  an  instrumented  aircraft  in  ctmiunction  with  ionospheric  heat¬ 
ing  by  the  high-power.  high-frequency  transmitter  at  Platteville,  Colo¬ 
rado  The  notable  feature  of  the  present  experiment,  in  contrast  to  the 
previous  ones,  was  the  operation  of  the  heating  transmitter  at  a  fre¬ 
quency  not  only  below  the  critical  frequency  of  the  ionosphere  (over- 
dense  heating)  but  above  the  critical  frequency  (underdense  heating)  as 
well.  Although,  fadings  of  signals  have  been  reported  earlier  during 
underdense  heating  by  obliquely  reflected  radio  waves  (Novozhiiov  and 
Savel’yev,  1978),  the  results  presented  in  this  paper  indicate,  for  the  first 
time,  that  underdense  heating  may  cause  intensity  fluctuations  of  signals 
received  from  satclliies.  Any  transionospheric  propagation  effects  asso¬ 
ciated  with  underdense  healing  has  possible  implications  for  the  pro¬ 
posed  Solar  Power  Satellite  (SPS)  system  (Basu  and  Basu,  1980). 

Experimental  Details 

During  the  period  of  observations  between  March  7-14,  1980,  the 
Flatteville  heating  transmitter  was  put  into  CW.  as  well  as,  pulsed  opera¬ 
tion  at  frequencies  varying  between  .5.2  and  9.9  MHz.  with  a  maximum 
transmitter  power  of  I  .S  MW.  Ordinary  mode  heating  was  used  through¬ 
out  the  period  of  the  experiment.  A  maximum  pi>wer  density  of  60 
^wm~^  at  300  km  was  attained  at  a  frequency  of  9.9  MHz.  A  full 
description  of  the  transmitter  and  antenna  systems  may  be  (Stained  in 
Utlaut  et  al.,  (1970)  and  Carrol)  el  al  ,  (1974). 

Figure  I  shows  the  extent  of  the  central  heated  region  at  300  kir 
altitude  above  Platteville  at  limited  by  the  half-power  beam  circle  at 
10  MHz  (beam  width:  1 1 .9*  at  10  MHz).  The  intersections  of  the  alti¬ 
tude  of  .300  km  with  the  ray  paths  from  the  Douglas  station  (42.57*N. 
I0.S.J7*W)  to  ATS-3  and  FtEFTSATCOM  I  (abbreviated  as  FLTSAT) 
satellitei  u  well  as  from  the  Carpenter  station  (40.87**N,  104.18**W)  to 
[JvS-8  ire  shown. 
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)i  vit'w  o!  tlic  linUs'  iiri’iiaJ  itu lin.umns  ^)^  the  sjtellites.  ilic  juf-.M- 
v:!iK'd  Aiili  tiftic  ami.  thci<h»re.  th«  iinivctia!  time 
maikci.1  il‘'npi'.lc  tUc  (v- 1  tlu’  ‘.Mh .t>niv^phetK  j»i>$Hioin  It  m.»s  be 
iiiiicil  Ih  if  'III*  sulnoii'isphcrii.  p«»sUion  <»f  ATS  .*  r.;iicn»tc  at  closest 
[i.isi'i.  II  sl.,*,^  loL'.ilcii  .ihnui  4(1  kit»  to  ‘ho  wosi  of' the  healeo  tfgion 
'aItcio  IS  ilie  !(.i  IIS  nf  II  I  .SA  r  seas  will'iii  h)  ktit  of  the  soijlliein  fiint»o 
.it  the  I)-'. ill'll  ii'j;joii  It  .ill  iiMivcrsjl  tmux  Since  the  |•  lCglo^.  incj’ijlan- 
lies  .11*  e''iK*i.ilK  I  sioiic'd  to  he  I'k'IJ  .tlt^ueil.  amt  the  ileclin.ilion  oi  the 
ni.i)Mi»’iii  liel.l  IS  oiih  I  I  ,  (ite  n<Mil«  >oMth  orientaiion  of  the  vuhioiio- 
spliem  'i.iv  c  iiii|);i  -.  il.ai  tiu  us  p.iilt  to  ihal  s.iicllilc  is  able  to  nilcr 
.e;*l  ilii'  o [e;;itl.ii ill' ‘  leiieijleil  willon  the  he.un  <iiel.*  .it  .iMiitules 
luehi  i  ill  III  hilt  t  |t|  ||.  u  o*  III  i|u'  how*  «*fhn.il  ui'  hnation  ol  I  1  S-X. 
Mil-  .I'll'  i.i'',|'|i<’iK  [■•■srit.  ii  s. I  Ill's  soiisuh’tahly  over  .«  •Iiurnal  syi  le  htii 
lie.  IS  ilmi  ‘Ik*  lii-aiei!  o'j'j..,.  1-eisceen  OO-O’  tt|  ami  rein.inis  wilhiii 
I  in  ''  1  i’  ‘  lii’.iM'il  volijine  h.  iween  t  u4  II I  The  ailvanla^tc  of  lltc 
ho^e  oi:’ii..l  hii.ition  lies  in  a  lie’ll  vlcv.il ion  .mgle  ol  ineasurciitcnt  i-n 
s.  v  ■:  'I  Ihi'iis  /'.niml  II.'  I  !  etpjalliny  llie  injj;tiefic  dtp  angle  and  Ihcfcby 
.'It  iiMS'  It''*  iiniis'i.il  opportuKiu  ol  liehl  aligned  c-'inlill.itioii  mcisitfc- 
'  *'»ii  .i>  .1  hiy?  'it  .(.jfinul''  station  -vifh  .i  f,e''SfJti“t*afy  satellite 

\i  I  I .  Nsni!  ;;I.!tio!i  iiK'ir  'tr'  Micitls  with  f'  USA  F  saicHite  were 
1 1  r  :>•!  ii.v  '  .ii  '  Ih  MM/  using  t  '.p.i'.  I'i!  I.-,  eivers  with  magnet h  I  W  I'asc 
liiK’  '  I  '  '  '  iMi  .ers  drill  M  (iieii'f,  :»  ■  h-  inagnelu  N  S  tlncelion  the 
NS  h.iv'liin  I'l'ing  liiiiiied  t’>  ’cm  m  •  oi:sid':.il‘ons  Al  the  same  st.i 
Hull  total  ilestion  '.oiitei.l  and  amp'iiiid'  scm{i’l,.iicni  mea'eiieinenis 
vsefc  niade  with  a  poljrmetct  using  I  *7  MM/  ’i.in  .iiiisM-.tis  ironi  A  IS  I 
\t  I  ..  t  '.utHMilei  site.  24d  Mh/  I  iansmis.M  '»>•  ♦opiu  I  I  S  h  were  nvcived 
loi  V  inlillatio.i  measurements  Data  were  lesoidcd  on  ttugnetK  i.nvs 
dt  hoih  MI'  S  .mil  jic  cnrrenilv  being  analvsed  to  determine  the  iiregu 
hit  It y  .Ini  t  .Hill  n  iniill.iiion  sp.'i  ti.i 
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i  igiiii  ^  \  ..oihi •nh' s.  K.t  ili.itioii  il.it .«  oni.iiiii'il  .it  I  M]>t*ir.'i  using  i.l  S  S 
.•  *t-|l  -IS  A  I  S  t  .oul  rei  liver  I  I  ISAll  t)M  d.ilj  ‘'flaincj  at 

Moiu'l.fs  Juiing  oV'  tih  use  !> 'iiosptiei u  lie.tting  on  Marih  12.  I  he 

li.iii  .ri.iM  I  V.  in  (  U  ..per.itKHi  « illi  pimer  ol  f  .S  M  W  .if  4  Mil/  he- 
I IV -  .  It  tH>  o  iio-t  s  I '  I  I  he  1 1 il K .i!  I re(|iieiu  y  was  1  I  n  Mil/  j1  hl)‘'U  I '  I 


Ilie  aitvruli  f!eu  ih'ie  riiisti'ns  on  Matili  1  M2.  March  12-l.^.  and 
M.ifih  1  *  I  1.  Mhstj.  j,)d  performed  ['base  and  amplitude  scinliliitK'n 
measmemei  !s  with  \  I  TSA  \  and  I.LS-8  satellites.  Tlu’  aircraft  flew  N*S 
and  I  -W  legs  (  •vr  ImoI)  grotind  stations  at  Douglas  and  ('atpenfer  and 
w  IS  able  to  dcfmt*  the  I.  W  and  N-S  e>itent  of  irngulariilcs  generated  by 
the  heater  and  determine  ihe  lileiin>e  of  ihevc  irregularities. 


Flu*  top  panel  of  I'iaiue  2  shows  stmtlllaiion  data  from  Carpenter 
ami  the  next  foui  data  panels  arc  tioni  Douglas  showing  the  amplitude 
recording  of  AFS  .'  and  FLTSAT  signal  fluctuations  on  the  east,  west 
and  south  icceivuig  systems  icspcctively  during  an  overdense  heating 
cycle  on  M.ircli  l2.  I'>MU  The  h.'uting  transmitter  was  turned  on  at 
(X)t()  DT  and  turned  oft  at  0045  I'  l  and  operated  at  u  frequency  of9.d 
MM/  dcitvctmg  a  power  of  1  5  MW.  Die  critical  frequency  of  the  iono¬ 
sphere  w.is  I'omul  I  •  he  11  't  MM/  at  0050  UT  and  thus  this  hcatmg 
lyitc  coi'esp'iiid*  d  to  the  ov'tileiiM'  case. 

Ilio  ( .inv!»'.  *  u.iia  iHiiMiai  'd  on  the  top  panel  covet  the  entire 
iKMling  penod  whcio.ts  Jic  Douglas  data  re|iresented  m  the  bottom 
panels  covei  onK  the  imlial  healing  period  due  to  the  higlicr  chan 
spe  <1  Mowev'-r.  die  -mset  ot  scn.iillations  at  both  sites  was  recorded 
.iho:ii  Ml  so,  onds  allot  the  healing  Iransmilier  was  turned  on  and  per¬ 
sist.  .1  h'l  .it  loiist  ’>  miMuies  alter  it  was  turned  oil.  The  249  MM/  sem- 
rit(ari.>ns  tlic  <  .if.'vnrei  srie  cortesfHmd  to  ^  dC  peak  lo-peak  while  at 
tlic  Douglas  site  2  dll  scinlillainms  al  2*W  MM/,  were  recorded.  No  ac- 
hvirv  'K .  urioj  on  the  \  I  S  .' iluimcl  l>ie  higltcr  level  of  scintillation 
aciiViiN  at  (  arix  nior  is  .iitiihuted  to  the  near  alignment  ot  the  propaga- 
lK*n  path  with  till  nia^neiii  lield  through  the  heated  volume.  Spaced 
recetvt  t  moas(Ucmct.i.s  at  Douidas  '  irlj  an  eastward  iiregulanly  drift 
i-u  ,ii  m  u*'  '  dti'ing  tins  porrod  Ibe  absence  of  scintillation 

.1  Ov"  .  on  t' »-  AlS-.t  Kltjimel  siigecsis  that  arlit'icial  irregularities  did 
o.'i  40  km  to  ihc  west  ol  the  i,eniral  heated  volume  illustrated 

111  I  H'.inc*  ;  Il  slioulU  also  he  mciiiionod  that  the  ATS-.1  link  being  at 
!  Mf  i/.  onli.m-  ed  s^  in!  ill.it ton  eltoci.>  would  be  expected  as  compared 
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higutt'  4  Satiic  ns  in  iifiurt  2  txs  cpl  lot  a  inarginally  luHlcrdense  ciisc  i>f 
healing  on  March  I  .V  l^hO  I  tie  tiansmiitor  was  in  CW  opcralinn  with 
pttwer  oI  1  '  MW  at  '■>  MU/  hetwei-n  ii.' U)-(|J45  I'l  It.  irilK.illrc- 
Hunu  M'S  .if  n  J  t  ^  I'l  .iriil  n .’4(1  I '  I  wi  t !•  ‘I  ^  .lilt I  *1  4^  Mil/  respot  livrly 

to  the  i'l  TSAl  link,  it  iireguljiiiirs  will'  lUculicat  \lrciigih  had  been 
present  at  hoih  locatioiib 

A(  the  end  of  the  above  heating  period  the  transmitter  remained 
off  tor  more  than  two  limirs  and  was  turned  on  at  OJOO  UT  foi  a  15- 
minute  cycle  with  an  input  p<iwer  of  1.5  MV  It  was  operated  at 
MHz  while  the  critical  frequency  was  only  7.‘>  MHz.  so  that  the  heating 
was  underdense  figure  3  shows  that  the  ('arpenter  station  observing 
Llf.S-8  in  a  magnetic-field  aligned  direction  recorded  quasi-periodic 
scintillations  with  10  dB  peak-to-peak  fading.  The  station  at  IXmglas 
did  not  observe  any  corresponding  effect  during  this  underdense  heating 
f>ern*d  on  the  FI  TSAT  propagation  path,  only  40  km  to  the  west  and 
south  of  (he  suhionospheric  position  of  LKS-H.  The  quasi-periodic  fad¬ 
ings  ^h^^wn  in  Figure  3  are  reminiscent  ot  a  special  type  of  naturally 


occurring  stinlillalnms  caused  by  lorii/aiion  gradients  (Basu  and  I>as 
( >up(a.  I'rOO  ilkiio  and  Slack  .  I ‘hiO  >  )i  should  lie  incni mned.  however 
ilnit  no  s  uh  'adiiip  were  nhserved  m  the  absence  <>i  healing  dtinng  I'ne 
week's  stuiiintioiis  observalmns  al  t  arpcniei  Whollii  i  the  iindculeiiw 
heating  v.ut  create  held  aligni-il  deiisitv  dtpleluins  (f'rtkins  and  Ki'ble 
.Old  the  resulting  sliaip  loniZHlion  gradients  ..an  give  rise  'o  an 
iniertecc«**e  palteru  (llkins  and  Siavk  because  ot  the  sisecial 

viewing  geonieliy  remains  lo  be  verified  hy  (urifier  ohservalions 

Figure  4  shows scintillafiun  data  obtained  during  a  marginallv  under 
dense  healing  cycle  hcMween  OJ  i0-<)34S  m  on  March  I  '  i  >xn.  tin; 
heater  frequency  being  9  0  MHz  and  the  critical  Irequei  .y  »,iryingbe 
tween  9  5  MHz  and  9  35  MHz  A  peak  io  peak  (luctu  ition  nt  2  5  dB  at 
Douglas  and  .3  JB  at  Carpenter  was  encountered  during  Bus  c>c'le.  (  on 
siderabie  variation  of  fading  period  tanging  between  3  see  to  2(1  se<.  may 
be  noted  from  the  Tarpeniei  data,  llie  Douglas  data  indicate  an  east¬ 
ward  drift  speed  of  ahttut  I  2  in  sec  *  dining  this  heating  cycle 

Figure  5  shows  scuilillafioii  results  obtained  during  another  case  ot 
iinderdensc  heating  [serformed  between  0.3(X)-0.3!5  Ul  on  March  13, 
I9K0  Pic  fjcalet  frequency  was  9.9  MH/  and  the  power  output  was  1  5 
MW.  P»e  colK.)t  tiequcncy  (d  the  nmosphete  ranged  from  9  MM/  ai 
0252  t«*  H  .15  Mil/  ji  u.tir*  I'l  During  iliis  underdense  healing  cycle, 
the  liouglus  .Site  rccoidcd  I  5  itB  siinlillaiions  and  the  Carpcniei  site 
looking  along  the  niagnetic  field  lines  observed  scniti'latioiis  of  3  dB 
magnitude  Both  sites  recorded  an  average  fading  period  of  about  40 
scc.  considerably  slower  as  compared  to  (he  overdensc  cases  Consider- 
ing  the  propagation  geometry  of  Carpenter  observations,  the  observed 
scintillations  correspond  to  an  iricgiilarity  amplitude  AN/N  “  for 
an  assumed  layer  thickness  of  50  km  and  a  .'-dimensicmal  irregulaniy 
power  spectrum  of  4  with  an  outer  scale  of  2  km  (Basu  et  al..  |07b)  A 
recent  theory  of  self  focusing  instability  in  an  urdcKicnse  ionosphere 
(Perkins  and  Coldman,  |9h0)  picdicis  the  generation  of  sheei-like  ir 
regularities  aligned  with  the  magnetic  meridian  with  irregularity  ampli¬ 
tudes  *"0  5%  and  t-W  siriation  si/.e  -  2  kin  under  the  conditions  of  the 


bigure  5  Same  as  in  Figure  2  escepi  f..r  un«lerch-fm-  heating  «»n  Mardi  I  C  1 980  fhe  A  fS-d  data  showed  no  effect  and  is  not  shown  The  transmitter  was 
in  (  W  operation  with  power  of  15  MW  at  9  9  MM/  heiwern  0.98)0.3 1 5  UT  The  cntical  frequencies  at  025?  UT.  0310  UTand  0316  UT  being  9.2.  8,5 
and  8  3  5  MHr  respecllvefv 
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I  igure  6  AFAL  airiraft  ohscrvaCtonx  of  amplitude  scintiUAfmnt  utmg 
LFS-8  on  March  14.  I<)H0  during  overdente  (top  panel)  and  undcrdense 
(hotlom  panel)  ca.«es  of  heating.  For  overdense  caae.  the  transmitter  waft 
in  (.‘W  iiperatini*  with  power  of  I  ^  MW  at  S  2  MH*  between  053(F0545 
UT  Ihe  critical  frequency  was  S.^  MHz  at  0523  UT  and  $  J  MHz  at 
0544  UT  For  underdense  case,  (he  transmitter  was  in  CW  operation  with 
power  of  I  5  MW  at  S  2  MHz  between  Uo30-064$  l)T  The  critical  fre* 
quency  was  4  n  MHz  at  0640  UT 

present  exiieriment  Thus  (here  is  ginid  agreement  between  the  theoreti¬ 
cal  prediction  and  observations  in  <egird  <o  the  irregularity  amplitude. 

The  aiuiaft  observations  detecle  i  considerable  scmtiUation  effects 
on  many  heating  cycles,  as  it  could  position  itself  to  have  the  ray  paths 
intersect  the  heated  volume  By  Hying  F.-W  snd  N-b  legs,  the  aircraft 
measurements  indicate  the  extent  of  artificial  irtegulanties  to  be  about 
70  km  h  W  and  100  km  N  S  In  (he  top  panel  of  Figure  6  we  show  a 
case  of  .sctniillaliuti  with  peak-tu-pesk  fluctuation  of  7  dB  and  fading 
periods  of  about  10  secs  during  in  overdense  heating  cycle  on  Match 
14.  l‘)H0  at  0547  Vrr  (heater  frequency  “52  MHz  and  crmcal  fre¬ 
quency  varving  between  5  5  snd  5  3  MHz)  During  this  period,  the  air 
craft  made  an  F  W  cut  between  lOd^SO^W  and  10.3“56'W  ana  42‘*N 
iftiiiude  and  then  retraced  it3  path  encountering  the  deep  fades  with 
periods  '  5  sec  at  0547  UT  at  42‘’0rN  and  104^37'W,  Simitar  fades  of 
2  dB  magnitude  were  observed  at  both  Carpenter  and  Doi^^ai.  in  the 
bottom  panel  of  Figure  6.  we  show  the  aircraft  detecting  1-2  dB  fades 
with  periods  *^t0  sec  during  an  underdense  heating  cycle  between  0630- 
0b4S  UT  (heater  frequency  -  5  2  MHz  and  critical  frequency  4.8 
MHz)  on  Maich  14  1980.  During  this  period,  the  aircraft  flew  a 
latitude  leg  (4r53  N  to  d^^Ol'N)  maintaining  a  longitude  of  104*31*W. 
Ihiring  this  same  cycle,  no  effect  was  seen  at  Carpentei  as  the  geometry 
was  'cr>  ji  l  ivorahle  ^cf.  Figure  1 )  while  I  dB  fluctuation  with  periods 
JU  sec  w.is  observed  at  Douglas 

To  siiminattze.  we  have  demonstrated  for  the  Tint  time  that  HF- 
driven  lustabiiity  in  the  underdense  ionoaphere  can  give  rise  to  observ¬ 
able  sciniiilation  effects  st  250  MHz.  Perkins  and  Goldman  (1980)have 
recfnfiy  vli.»wr:  that  there  exists  a  finite  possibility  of  the  generarfon  of 
self  focusing  instability  hy  the  microwave  power  beam  uf  the  SPS  and 
have  predtcfi'd  irregidac  density  flucfuationi  to  be  two  orders  of 
Hide  grea.er  !han  the  HF  case,  considered  in  this  paper.  As  a  conse 
quence,  the  weak  effects  of  3  dBamplil:jde  fluctuations  corresponding 
to  phase  devjaimn  of  10*'  rms  at  250  MHz  (Basu  et  al .  1976)  reported 
here,  may  unJoubiediy  magnify  even  al  the  much  higher  frequency  of 
operj  ><n  envisaged  for  the  SPS.  Further,  in  the  presence  of  cascading 
of  irre^ulantv  scale  siz«s,  piopagstion  over  a  broad  frequency  range 
may  be  ifTccted.  In  view  of  the  present  results  and  current  inttabttity 
tbeoriea.  the  need  for  further  work  on  HF-heating  effects  on  (he  under¬ 
dense  ionosphere  cannot  be  overemphasized.  Obviouily.  any  lealiiitic 
SPS  environmental  anessment  will  require  operation  of  HF  heaters  at 
several  higher  frequenciai  to  teal  the  scaling  law  proposed  by  ^rkint 
and  Coidnu.i  ( 19^). 
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Ab6t/UlcX.  Faraday  rotation  neasuretnonts  of  VHF  radio  waves  from  the  SlUlO 
satellite  have  been  used  to  determine  statistics  of  variabiJUy  of  iono¬ 
spheric  time  delay  in  the  Mediterranean  region  for  the  current  solar  maximum 
period.  Results  show  standard  deviations  of  up  to  25  percent,  or  up  to  six¬ 
teen  times  ten  to  the  sixteenth  power  electrons  per  square  meter  column. 
During  daytime  periods  the  distribution  of  errors  about  the  monthly  average 
time  delay  is  nearly  Gaussian.  Modern  satellite  ranging  systems  which  re*> 
quire  correction  for  the  effects  of  the  time  delay  of  the  earth’s  Ionosphere 
need  continued  high  accuracy  ionospheric  time  delay  data  which  Is  available 
from  the  Faraday  rotation  of  VHF  radio  waves  on  the  SIRIO  satellite. 


1.  INTRODUCTION 

Modern  satellite  ranging  systems,  navigation 
and  satellite  radars,  and  satellites  used  for 
precise  time  transfer,  may  require  a  knowledge  of 
the  time  delay  of  the  earth’s  Ionosphere  to 
attain  the  desired  system  accuracy.  The  retarda¬ 
tion  of  the  modulation  of  the  radio  wave  Imposed 
by  the  Ionosphere  is  a  function  of  the  total  num¬ 
ber  of  electrons  encountered  by  the  radio  wave 
on  its  passage  from  satellite  to  user  on,  or 
near,  the  ground.  The  amount  of  time  delay  caused 
by  the  Ionosphere  can  be  expressed  as: 

.  40. 3  TEC 


where 

Ac  Is  the  time  delay  in  seconds 
TEC  is  Che  Total  Electron  Content  In 
electrons/metcr^  column 
c  is  3.0  X  lo8  meters/second 
f  is  Che  frequency  of  the  signal  in  Hertz 

Values  of  Total  Electron  Content  (TEC)  r.inge 
from  10^^  to  perhaps  10l9  d/m^  column.  Figure  I 
illustrates  the  amount  of  time  del.iy  Imposed  by 
Che  earth's  Ionosphere  on  radio  waves  .ts  a  func¬ 
tion  of  frequency  for  four  values  oC  TEC.  Note 
that  time  delays  of  100  microseconds  can  be  en¬ 
countered  at  VHF,  and  delays  of  almost  a  micro¬ 
second  will  be  found  at  L.6  (iHz. 

Since  the  ionosphere  Is  a  dispersive  medium  the 
amount  of  Che  time  delay  is  .tn  inverse  function  of 
system  operating  frequency,  and  this  tact  can  he 
used  CO  advantage  In  systems  which  require  the 
precise  correction  for  Ionospheric  time  del.iy. 


Fig.  1.  Ionospheric  time  delay  vs  system  oper- 
•rclng  frequency  for  4  levels  of  TEC. 

The  NAVSTAR/Global  Positioning  System  (GPS)  de¬ 
scribed  i>Y  [l|  is  .in  example  of  a  two  frequoucy 
satelllti*  navigation  system  In  which  the  second 
system  operating  frequency  Is  used  to  automati¬ 
cally  correct  for  Che  lonospjieric  first  order  time 
delay. 

Other  advanced  satellite  ranging  systems  may 
not  be  able  to  use  .i  two  frequency  automatic  cor¬ 
rection  method  and  must  cither  use  monthly  average 
Ionospheric  mcxld  values  of  TKC  or  may  make  no 
correction  at  all  for  the  Ionospheric  time  delay 
effects.  In  this  p.iper  we  will  describe  the  vari¬ 
ability  of  tlio  ionospheric  TEC  In  the  Mediterranean 
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region  for  the  current  sul.ir  tnaxlmtini  period,  fur 
use  by  satellite  systems  design  e»tgincers  ard 
others  who  wish  to  know  the  magnitude  of  ion* 
spheric  time  delay  on  their  system.  The  current 
solar  maximum  is  approximately  SOZ  hlKliei  than  an 
average  solar  m.iximum  and  is  likely  a  worst  case 
solar  cycle  for  nysloms  engineering  planning 
purposes. 

2,  THE  EXPERIMENTAL  DATA  BASE 

Total  Electron  Content  data  used  in  this  report 
was  obtained  from  measurements  of  Faraday  rotation 
of  linearly  polarized  VHF  telemetry  radio  waves 
tr<m:;mi  tted  from  the  SIRIO  geostationary  sac*el~ 
lite.  The  SlRlo  satellite  was  launched  as  an  ex- 
perimc'  ^al  advanced  concept  conrnunicatlons  satc.“ 
lice  by  the  Italian  National  Research  ..suncil* 

Tiie  meosureroents  were  taken  at  Athens,  Greece, 
i7.f»7®N  lat.,  23.72"E  long.,  vlcvtng  the  SIRIO 
satellite  in  a  direction  of  30.6*  elevation, 

232.6*  azimuth.  The  equivalent  location 
in  the'  io'iusphori*  which  i.s  ct^mmonly  used  In  re¬ 
presenting  trans- iono.«;pheri I.  propagation  data  was 
taken  at  a  height  of  420  kilometers,  and  was  lo¬ 
cated  .It  34.j“N,  18.4*E.  V.iiuos  of  measured 
K.iraday  rotation  were  converted  to  equivalent  ver¬ 
tical  TEC  using  the  stand,  rd  method  described  by 

PI- 

Faraday  rotation  is  a  measure  of  TEC  only  to  an 
.ipproxlinato  height  of  2000  to  3000  kilometers. 
Tlicre  is  an  additi.)tial  small  contribution  to  TEC 
due  electrons  ahov.j  this  height,  from  a  region 
i. tiled  variously  I  he  p  lasma.spherc  or  protono- 
•iph-  ic.  This  addltienil  contribution  to  TEC  la 
csiinatcd  to  be  only  iO  to  percent,  at  least 
durinf  the  diytim*-  period  when  the  absolute  values 
»)I  '  IX  art  lilc.hest.  In  this  report  we  have  only 
used  tile  c\)nt r  1  hu 1 1  on  to  total  time  delay  due  to 
tla*  Kar.»d..,'  ctfrtt.. 

While  values  of  Far«iday  polarization  rotation 
ate  continuously  from  the  Athens  station, 

tliev  are  leduced  to  equivalerit  vertical  TEC  data 
only  at  l^  liiiiiute  intervals,  which  is  adequate 
for  most  enc  irjeerlng  purposes.  Data  for  five 
months  his  been.  compLLed  and  monthly  averages  aixd 
sr.iristlcal  v«>lues  for  these  months  are  repre¬ 
sen  c.d  hero. 

3.  RESUL'’’': 

An  ioimcdinre  familiarization  with  the  monthly 
v.ir  l.ih  i  1  i  ty  of  ionospheric  time  delay  can  be  ob¬ 
tained  bv  examining  the  plots  shown  Jn  Figures  2 
.hri'ugh  0.  In  tlieS'  figuri's  dturii.iL  curves  of 
rr.i.  ar**  phifted  v«'rsu'>  time  for  all  days  of  each 
niontii.  !lie  ‘ji.itfcr  from  d.iy  to  day  about  a 
m«;iilhly  » m  It,-  -it^en  c.i;;l|y  In  flu* 

t  iyuM-s.  ’.Jitt''  tli.ii  f  tu*  .ihsoluti'  v.iUu'ii  ot  'VEC  art 
hlp.li'  St  111  m Id-.it  ternoon ,  .md  .ire  lowest  in  th** 
late  (light  iiours.  Note  .iLso,  that  the  sea.sonal 
beli  jvior  shows  tiii'.hest  vi’oes  fii  M.irch,  with  low¬ 
est  values  occuirlng  In  .June.  Tie-  d.ita  lllu.s- 
'  rated  In  Figures  2  lliiough  f>  are  i  epri?seot.itlve 
et  .ill  the  se.'tson-:  ot'  ;i  solar  maAi{iii:i:i  year,  and 
can  be  Taken  by  systems  design  engineers  as  typi¬ 
cal  behavior  of  iono'^pherlc  time  delay  for  the 
M(  d  i  I  ei  rane.in  rt>p,ion  lor  this  sol.ir  maximum  period 
19/P-79.  Corresponding  values  of  TEC  during  a 
so!  (r  minimum  periotl  would  ho  upproximatuly  onc- 
third  to  one.>qu.irtor  -is  hlgli  as  those  illustrated 
her-  . 

In  Figure  7  the  percentage  s(-ii^d-ird  deviation 
t'f  individual  TEC  daily  values  from  Che  hourly 
me. Ill  v-ihies  (or  ttie  flv-  nionihs  is  plotted.  As 
cm  al.so  hi-  seen  I'rom  the  monthly  TEC  data  over  • 
pilots  shown  in  Figures  2  h  the  stand.iril  deviation 
of  the  daytime  data  i greatest  during  the  month 

^  .  •  : «  .  ')i;  r .  fnrj 


of  April.  Standard  deviations  are  more  iaportanc 
during  Che  daytime  periods  as  Che  greatest  abso¬ 
lute  values  of  TEC  occur  during  Chose  hours.  The 
greatest  percentage  standard  deviations  occur 
during  Che  early  morning  hours  of  March  and  April, 
but  these  valijirs  are  relatively  unimportant  due  to 
Che  very  low  absolute  TEC  values  during  Chose 
hours. 


U.T. 

Fig.  2.  Monthly  ovcrplot  of  TEC  vs  UT  at  Athens, 
Greece  for  December,  1978. 

FIr.  J.  Same  ,as  Fig.  2  for  March,  1979. 

Fig.  4.  Same  as  Fig.  2  for  April,  1979. 
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U.T  . 


Fig.  5.  Monthly  overplot  of  TEC  vs  UT  as  Athens, 
Greece  for  June,  1979. 

Fig.  6.  Same  as  Fig.  5  for  September,  1979. 


TCC  PfSCCWTAGC  STANOMO  OCVtATION 
ATHCNS 


l«OU«S  ut 

Fig.  7.  Percer*.  standard  deviation  of  TEC  vh  UT 
for  Bc-tha  indicated  lor  Athens,  Greece. 

During  the  daytime  hours  the  percent  standard 
deviation  from  aonthly  average  values  Is  highest 
during  the  month  of  April  1979  and  lowest  during 
the  preceding  month  of  March  1979.  In  Figure  8 
we  have  plotted  the  Ap  dally  Index  of  planetary 
magnetic  activity  for  those  two  m<»nChM  and  we  find 
that  there  were  several  periods  ot  magnetic 

J^6 


A*  (MM.V  MiAACC  WAbMftiC  'ttOIC'CS 
FOMtMACM  AM»ll 


•*aiM  i,f,  i,r. 


Fig.  ft.  Dally  average  magnetic  Ap  Indices  for 
March-Aprll  1979. 


activity  during  March.  There  was  an  extended 
period  of  relatively  quiet  magnetic  conditions 
during  the  April  6  through  20  period,  followed  by 
generally  very  disturbed  conditions  fro®  21  April 
through  the  end  of  the  month.  The  greatest 
changes  in  TEC  from  monthly  average  behavior  gen¬ 
erally  occur  during  magnetically  disturbed 
periods,  but  the  difference  in  magnetic  activity 
between  the  months  of  March  and  April  was  not 
great  enough  to  account  for  the  large  difference 
in  standard  deviation  observed  in  the  TEC  hourly 
daytime  values  for  these  two  months.  A  more  lllce>- 
ly  explanation  for  these  observed  differences  in 
standard  deviation  Is  that  the  normal  seasonal 
changes  from  wlnter-like  to  summer-like  TEC  di-* 
urnal  behavior  occur  during  the  month  of  April. 
Those  seasonal  changes,  along  with  magnetic  acti¬ 
vity,  are  likely  responsible  for  the  observed 
greater  standard  deviations  in  TEC  during  April. 

Another  important  measure  of  the  daily  differ¬ 
ence  from  monthly  average  TEC  values  is  the  dis¬ 
tribution  of  the  differences.  The  standard  de¬ 
viation  applies  to  a  normal,  or  Gaussian,  distri¬ 
bution  of  differences  from  monthly  mean  values, 
but  Just  how  close  to  a  Gaussian  shape  are  these 
differences?  In  Figure  9  the  distribution  of  the 
difference  from  mean  TEC  hourly  values  for  the 
lOOU  to  1400  UT  time  interval  Is  plotted  for  the 
month  of  March  1979.  Also  plotted  in  the  same 
figure  is  a  Gaussian  curve  with  a  standard 


OtrrcMCNCF  FMOM  tfCAM  TEC  mOUAi  r  VALUCS 
A1»eN»  UAKCMISrS  lOOO-iAOOUT 


•O  10  fO  <0  f  «  to  to  *9 
oir»ca««(r  ium'*1  0* 


Fig.  9.  Distribution  of  differences  from  mean 
hourly  TEC  values  for  Athens,  Greece, 
March,  1979.  1000-1400  UT.  Dashed  curve 
is  a  gausslan  curve  of  standard  deviation 
9.0. 
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Table  I 


Statistics  of  Bonthly  TEC  behavior  for  Athens,  Greece  for  the  Indicated  months 
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deviation  of  9  TEC  units.  It  can  be  seen  that 
the  observed  distribution  is  approximately 
Gaussian,  with  perhaps  more  actual  values  on  the 
negative  side  than  a  (^lusslan  curve.  Figure  10 
shows  the  differences  from  mean  TEC  for  the  month 
of  April  1979.  In  this  month  the  actu.il  values 
depart  more  significantly  from  Gaussian  shape, 
both  for  large  negative  differences  and  for 
smaller  positive  differences.  In  general,  the 
distribution  of  day-to-day  differences  of  TEC 
from  monthly  average  values  Is  nearly  Gaussian, 
or  at  least  can  be  assumed  to  be.  for  mt>sc  systems 
engineering  study  purposes. 

DiPVCMNCC  rnoM  ucam  hc  ri^TCCM  utMurt  vmuCS 
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Fig.  10.  Distribution  of  differences  from  mean 

values  of  TEC  taken  at  13  min  intervals 
for  Athens,  Greece,  April.  1979,  1000- 
1400  UT.  Dashed  curve  is  a  gaussian 
curve  of  standard  deviation  15.0. 

In  addition  to  the  measures  of  monthly  mean 
and  standard  deviation,  either  expressed  In  per¬ 
cent  or  In  absolute  value  of  TEC  units,  it  Is 
•Iso  Important  to  know  the  extreme  limits  of  the 
data.  In  Tabic  1  are  presented  the  complete  sta¬ 
tistics  of  monthly  TEC  behavior  for  the  five 
months  typical  of  the  various  seasonal  changes  in 
Che  Mediterranean  region  during  solar  maxlmun 
ionospheric  conditions.  Presented  in  Table  1  are 
hourly  values  for  the  mean,  standard  deviation, 
percentage  standard  deviation,  minimum  and  maxi¬ 
mum  values  for  each  hour*  and  the  upper  and  lower 
quartlles  and  deciles.  Finally,  for  each  hour  of 
the  statistics,  the  count  of  number  of  values  Is 
given. 

4.  CONCLUSIONS 

The  effects  of  the  time  delay  of  the  earth's 
ionosphere  may  be  Important  for  precise  satellite 
ranging  systems.  For  the  Mediterranean  region  for 
solar  maxiBum  conditions  we  have  presented  stat¬ 
istics  for  the  behavior  of  the  Ionospheric  TEC. 
which  is  proportional  to  time  delay.  The  devia¬ 
tions  from  monthly  mean  conditions  are  approxi¬ 
mately  IS  to  25  percent  during  the  daytime  periods 
when  absolute  values  of  time  delay  are  largest. 

The  dlstribution'of  dlffeiences  from  monthly  mean 
values  is  approximately  Gaussian.  The  availabil¬ 
ity  of  linearly  polarized  VIIF  telemetry  signals 
from  the  Italian  SIRIO  satellite  has  made  these 
measurements  possible,  and  continued  transmissions 
from  the  SIRIO  satellite  are  necessary  if  more 
data  la  to  be  gathered  on  Che  downward  side  of  the 
solar  cycle. 
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